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Abstract 
Ablation mechanisms in three various metallic targets i.e. Stainless Steel (S.S-304), Titanium 
(Ti) and Aluminum (Al) by employing nanosecond and femtosecond lasers under certain 
ambient conditions have been investigated. In case of nanosecond laser ablation, the experiments 
were performed under three environmental conditions of vacuum (10
-3
 mbar), Argon (Ar) & 
Oxygen (O2) (at a pressure of 133 mbar) for 100 laser pulses. The experiments were performed 
for various fluences ranging from 0.72 Jcm
-2
 to 1.27 Jcm
-2
 (available range). Femtosecond laser 
ablation has been investigated under the ambient environments of vacuum (10
-3
 mbar) & O2 (at a 
pressure of 133 mbar) for constant number of laser pulses (100). Laser irradiation was performed 
for fluences ranging from 0.38 Jcm
-2 
to 4.37 Jcm
-2 
(available range).  The surface morphology of 
irradiated targets was analyzed by Scanning Electron Microscope (SEM) and Atomic Force 
Microscope (AFM). However, Energy Dispersive X-ray Spectroscopy (EDS) and X-ray 
Diffraction (XRD) techniques were employed to study the variation in the chemical composition 
and crystallinity, respectively. In case of nanosecond laser irradiation, SEM analysis of metallic 
targets reveal the formation of micro scale structures (Laser Induced Periodic Surface Structures 
(LIPSS), cavities, cones and grains) for different ambient environments (vacuum, Ar & O2). In 
case of femtosecond laser ablation of S.S, Ti and Al formation of nano scale-LIPSS, nano-
protrusions and nano-cavities for low fluence regime are revealed. Formation of micro/nano 
scale-LIPSS, conical microstructures and microcavities are observed for higher fluence regime 
for different ambient environments of vacuum and O2. The EDS analysis of all metals shows the 
variation of chemical composition in all ambient environments, for both nanosecond and 
femtosecond laser ablation. XRD analysis of unirradiated and laser irradiated metallic targets 
exhibits that no new phases are formed in nonreactive environment for nanosecond and 
femtosecond laser ablation. Whereas, in case of reactive O2 environment new phases in the form 
of oxides are formed on the irradiated targets. For various laser fluences the variation in the peak 
intensity, crystallinity, d-spacing, crystallite size, dislocation density and residual strains for all 
materials is revealed for all ambient environments, for various laser fluences.  
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Chapter 1  
Introduction 
1.1 Motivation and goals 
Laser ablation of materials is successful and emerging technique for manufacturing of devices. It 
has vast ranging applications in the field of surface structuring, nanoparticle generation, pulsed 
laser deposition, micromachining, medical and chemical analysis [1-6]. Numerous methods have 
been employed and investigated over the past years, for enhancement of surface and structural 
properties of metals. However, they have some limitations such as involvement of toxic 
chemicals or lack of the spatial resolution. Complementary to these methods, the laser induced 
structuring, is a promising tool for surface and structural modifications. Laser induced 
structuring offers high spatial and temporal resolution due to localized heating, noncontact 
processing and a high degree of purity.  It is also capable to provide a high quantum of energy, to 
induce rapid heating, cooling and enhanced thermal gradients. Lasers with different pulse 
duration (nanosecond, femtosecond) can deliver photons of different energies, so can be 
absorbed to different extents by a single material.  Due to these characteristics lasers are widely 
used for micro/nano structuring of materials. Laser induced surface structuring has tremendous 
applications in areas of research e.g., in biomedical sciences for cell growth, for improvement of 
light trapping (optical) properties, for altering the surface wetting properties, to make them 
super-hydrophobic for self cleaning applications, photovoltaics and light detection by improving 
the photo responsivity, field emission i.e. electron emission, due to high field at the tip of the 
micro/nanostructures and for obtaining enhanced tribological properties of the treated surfaces  
[3]. The integration of nano-scale elements, into the nano/micro scale products acquires to 
achieve a great development in the various branches of science and engineering like in the fields 
of chemistry, electrostatics, fluid flow, adhesion, etc [7-9].  
High intensity laser beams 10
8
-10
15
 Wcm
-2
 may be utilized to modify the morphology and 
texture of the irradiated metal surfaces. Pulsed laser ablation can produce kinetically controlled 
effects on the material surface that will differ significantly from thermodynamically ambitious 
processes. Distinctive material modifications and surface texturing effects can be induced by 
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optimizing various laser parameters (fluence, pulse duration, pulse count & repetition rate). 
Physically these parameters are correlated with the penetration depth, localized heating, thermal 
and pressure gradients that make uniform nanosecond and femtosecond quenching rates of the 
irradiated mater. So it is imperative to choose the appropriate laser parameters, probable for the 
development of unique phases, variation in surface compositions and surface microstructures 
[10].   
Nanosecond lasers have been widely utilized in the material processing applications.  Numerous 
research groups have investigated that nanosecond laser induced micro/nano structuring under 
vacuum condition and in various ambient environments (gasses or liquids) have distinctive 
applications in the field of ablation, cutting, drilling and micromachining [11-17]. KrF Excimer 
laser system is most popular system that is widely used as a tunable, ultrahigh spectral brightness 
nanosecond pulsed laser source. It is useful for high quality micro fabrication of the electronic 
and the optoelectronic devices [18]. It is also useful for restoration of the painted artworks. As 
the nanosecond KrF lasers produces photons in the UV range of spectra, ensuring efficient 
removal of the target material with minimum light penetration in the sublayers [19]. Therefore it 
is appropriate for sufficient etching and highly structured surface morphology and permanent 
deformations [20]. Due to large scale permanent deformations the surface roughness increases 
which makes it anti-reflective, for enhancing the optical absorptance [21]. This enhanced 
absorption produces black metal effects on the irradiated metals, which make them useful in the 
underwater marines [21]. The drawbacks of nanosecond laser surface structuring like material 
surface texturing, machining, patterning and nano structuring, also face problems of high thermal 
conductivity in case of metals having a low melting point. Consequently, nanosecond laser 
induced processing in metals is constantly accompanied with the large scale melting and  
formation of  heat-affected zones (HAZ) [10]. Nanosecond pulsed laser ablation also causes the 
emission of droplets and particulates. Furthermore, continued material ejection and longer pulse 
duration leads to laser vapor interactions. This effect limits the control on properties, of ablated 
species (particles).  Due to enhanced thermal effects, the nanosecond lasers can therefore induce 
large scale (micro) structures on the irradiated target surface.  
On the contrary to nanosecond lasers the ultrashort femtosecond laser pulses have ability to 
deposit their energy to the material, in very short time scale, which is much smaller than the 
thermal diffusion time. Due to multi-photon absorption phenomenon, the electron temperature 
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(Te), raises very quickly up to thousands of Kelvin. For femtosecond lasers the pulse duration, is 
shorter than the time for lattice heating i.e. about picosecond. The electrons do not have 
sufficient time to impart their energy to lattice during irradiation. Therefore the electronic 
processes are dominant in low fluence regime and are responsible for nanoscale gentle ablation 
[22].  
Using ultrashort laser pulses precise laser ablation along with minimum thermal damage in the 
surrounding material can be achieved. This property of ultrashort femtosecond laser pulses 
makes them suitable for machining of a large number of materials. Significantly short pulses i.e. 
ranging from picosecond to femtosecond, with very high output intensities have generated many 
new facets in the field of laser-matter-interaction [23]. Depending on the way in which energy is 
absorbed by material surface, defines how efficiently different processes will contribute to the 
laser matter interactions. These different processes can be studied either by time of flight mass 
spectrometry, surface topographical imaging, variation in chemical composition or by 
characterizing the structural changes. The ultrafast electronic processes e.g., Coulombs 
Explosion and ultrafast melting is obtained normally in low and moderate fluence regime 
respectively and are responsible for the generation of nanoscale structures. Whereas, the thermal 
ablation can be achieved in higher fluence regime which can generate the micro structures in the 
form of cavities, micro-LIPSS, grains etc on the target surface.   
The ablation efficiency of the target material can be impressed by introducing gaseous 
environments due to enhancement in the thermal energy coupling during laser ablation [24]. The 
other important factor responsible for enhanced ablation efficiency is the confinement effects 
that enhances collisions among the ablated species and the gas molecules [25]. The emission 
intensity, electron temperature (Te) and electron density (ne) also increases by introducing a non-
reactive ambient gas. However, if the pressure range of ambient gas increases up to a certain 
value the shielding effect becomes prominent. Whereas, for some certain value of fluence at 
constant pressure shielding effect once again becomes less dominant.  
Compared with expansion under vacuum condition, the interaction of the plume with an ambient 
gas is a far more complex process due to the appearance of new physical processes such as 
deceleration, thermalization of the ablated species, interpenetration, recombination, formation of 
shockwaves clustering and enhancement of chemical reactivity in the presence of reactive 
gaseous environment [26].  
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The present dissertation deals with the investigation of ablation mechanisms in metallic targets 
of  Stainless Steel (S.S-304), Titanium (Ti) and Aluminum (Al) in the ambient environments of 
vacuum, Argon (Ar) and Oxygen (O2) for various fluences by using nanosecond (KrF Excimer) 
lasers and under ambient environment of  vacuum and O2 in case of femtosecond lasers. This 
dissertation is concerned to study and evaluate the processes governing heat diffusion and 
residual stresses generated into the metal lattice after nanosecond and femtosecond laser 
irradiation. It is interesting to understand the basic physics involved in surface and structural 
modification of materials by nanosecond and femtosecond laser irradiation. SEM and AFM 
analysis are performed to study the variation in the surface morphology of irradiated targets. 
While the EDS and XRD analyses are utilized to study the chemical composition and phase 
development of the ablated metals. Aim of present research work is to correlate surface 
morphological evolutions and chemical composition of the ablated surface with the variation in 
crystallinity and stresses induced on the target surface in different ambient environments.  
A comprehensive study of laser induced structuring of metals by employing nanosecond and 
femtosecond laser pulses is the main focus of the presented work.  This thesis gives a significant 
and coherent understanding of ablation processes responsible for surface/structural modification 
of laser ablated metallic targets. Basic aim of current work is to explore the response of different 
metals when they are exposed to multi-pulse laser irradiation under various fluences, ambient 
conditions and pulse durations. By employing nanosecond laser pulses formation of 
microstructures i.e. micro LIPSS, conical structures, cavities, exfoliates and grains are observed 
on the surface of  S.S, Ti and Al after irradiation under different ambient of vacuum, Ar and O2. 
Femtosecond laser ablation leads to the formation of nano structures (nano-LIPSS) for low 
fluence regime. Whereas, for the higher fluence regime micro structures (micro-LIPSS and 
micro- cones) at the centers along with nano structures (nano-LIPSS) at peripheral ablated 
regions, for different environments of vacuum and O2 are revealed. 
Nanosecond and femtosecond laser ablation mechanism can be different for different metals 
depending on their melting point, absorptivity, thermal diffusivity, optical penetration depth and 
ablation thresholds. S.S has high corrosion and wear resistance and enhanced mechanical 
properties that make it useful in the fields of chemical, medical, industrial sciences and also in 
making of aircrafts. Due to these excellent physical and chemical properties the laser structured 
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S.S have become more favorable for tremendous applications in bio-medical, industrial, nuclear, 
marine and aerospace industries.  
Titanium (Ti) metal was selected for investigations due to its outstanding chemical and physical 
properties. Its biocompatibility, elevated strength and durability in vigorous environments make 
it an outstanding material for many conventional and non- conventional applications [27]. It’s 
high corrosion and temperature resistance and extraordinary strength-to-weight ratio makes it 
interesting for many aeronautical, industrial and medical applications. Surface structuring of Ti is 
advantageous due to its vast ranging applications in the fields of fuel cells, biomedical 
engineering, material sciences, etc. [7-9, 28-29]. Micro-structured, Ti is useful in the field of 
engineering and industry due to its less reflectivity and high absorption in the visible range of 
spectra [21].  
Aluminmum (Al) is a low density and corrosion resistant conducting material due to presence of 
passivation phenomenon. The structural components that are made by using Al and its alloy are 
very important in the field of aerospace industry. They are also important in shipping and for 
structural materials. On the weight basis most attarctive compounds of Al are its sulfates and 
oxides . Laser structured Al is highly corrosive with distinctive optical properties and is used in 
microelectronic industry, for semiconductors and interconnects technology. Laser induced 
structuring of Al makes it useful in the field of modern microelectronics and as advanced 
material, for nanoplasmonics and nanophotonics [30]. 
The first chapter of this dissertation describes the basic introduction of ablation mechanisms and 
processes involved during laser matter interactions. It gives an overview, how these processes 
can be distinguished during nanosecond and femtosecond laser ablation. This chapter also 
describes that how various parameters like laser fluence, laser pulse duration and ambient 
environments can affect the surface and structural modifications.   
Second chapter gives a brief literature review of the research work performed by various 
research groups, related to micro/nano structuring of metallic targets (S.S, Al, Ti) by using 
nanosecond and femtosecond laser irradiation. 
Third chapter gives experimental details. The detailed experimental setups used for the 
irradiation of samples (S.S, Ti & Al) under various ambient (vacuum and gases). Brief working 
principle and motivation of characterization techniques such as SEM, AFM, EDS and XRD is 
also discussed in this chapter.  
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Fourth chapter presents the experimental results, concerning surface modifications of different 
metals S.S, Ti and Al after laser irradiation under various ambient conditions. Initially the results 
concerning nanosecond laser induced ablation are presented. The results of SEM, AFM, EDX 
and XRD analysis are presented after nanosecond laser ablation in different environments of  
vacuum, Ar and O2 for various laser fluences. Whereas, the second part of this chapter gives the 
results concerning femtosecond laser induced ablation. The SEM, EDX and XRD analysis are 
described after femtosecond laser ablation in ambient environments of vacuum and O2 for 
various laser fluences. This chapter gives a proper understanding of surface structuring and basic 
Physics behind the formation of these surface structures. A strong correlation of surface 
morphological variation with modifications in chemical composition and crystallinity has been 
established in this chapter. At the end of this chapter general conclusions are presented.  
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1.2 Laser matter interaction 
The interaction between electromagnetic laser radiations with matter has been a subject of great 
interest from last many decades. When a focused laser beam is made to fll on solid or liquid 
target it can interact with atoms and accelerate electrons. After acceleration these electrons get 
sufficient energy and are ejected out from bound states. In this way highly energetic ions, 
electrons and ejected particles are generated [31]. Experiments using high intensity laser beams 
become more versatile and interesting source for radiation, nuclear reactions and for the 
generation of high energy particles [31]. Therefore, the the optical, electrical, morphological and 
structural properties of  laser irradiated materials are changed [31].  
1.2.1 Laser absorption 
When an em-radiation strikes the material surface a portion of it will be reflected from the 
interface, due to discontinuity in the real index of refraction. While, the remaining will be 
absorbed or transmitted in the material [32].  
Optical absorption inside material, causes the intensity of the incident laser light to decay 
exponentially with depth following the Beer Lambert law [33].  
It states that when laser is made incident normal to the target surface (z-direction) then the 
radiation intensity decreases below the surface as given by the following equation [33-34], 
                
       1.1 
Where I, is incident laser intensity at some given time t (sec), Z (m) is the material thickness, I0, 
is the laser intensity at surface (z = 0), R is the reflectivity of irradiated material and α (m-1) is 
absorption coefficient that depends on the material, laser wavelength and is given by following 
equation [33-34], 
  
   
 
      1.2 
Where   is extinction coefficient (a function of frequency) of the target material and   (m) is the 
wavelength of incident radiation. Characteristic length for this process is the skin depth that is 
given by, Ɩs = 
 
 
 . It is the depth for which intensity of incoming laser beam is reduced by a factor  
 
  
 of its original intensity. After a delay of few ps the electrons and atoms in the solid becomes 
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in equilibrium and the heating of irradiated volume occurs. The energy deposited in the skin 
depth will ultimately stream away from the irradiated surface, through thermal conduction. 
Fig 1.1 shows the optical penetration depth as function of wavelength, for metals and 
semiconductors.   
 
Figure 1.1: The variation in the optical absorption depth for various metals and semiconductors 
as a function of wavelength [33]. 
1.2.2 Laser induced plasma 
When high intensity laser pulses are made to incident on the target surface, it may lead to 
absorption of incoming laser radiation and fast transformation of the irradiated spot into dense 
hot plasma. The plasma is basically a quasi neutral gas, i.e. a collection of charged and neutral 
particles, which exhibits a collective behavior.   
The transient plasmas are most commonly investigated during pulsed laser experiments, in which 
laser absorption process is attenuated at any stage of plasma evolution. The laser induced 
plasmas are important source for surface modification by imparting high energy, high pressure 
and high impulse on the irradiated surface. The nature and effects of plasma are dependent on 
laser fluence, wavelength, pulse duration and also on ambient environment [35].   
When a laser beam is made to fall on the target (metal) surface, the target is heated upto very 
high temperatures. Study of plasma formation on solid target surface is very complex. It is 
essential to consider the ballistic heating of target in condensed phase that leads to melting, 
vaporization and the ionization of solid [36]. During laser matter interaction the laser radiations 
can be absorbed via both multi-photon ionization (MPI) and electron neutral Inverse 
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Bremsstrahlung (IB). It converts to electron ion IB, when a plenty of electrons are produced on 
the target surface. The phenomenon of photo-ionization also plays a significant role for plasma 
generation during short wavelength laser irradiation. As compared to the target surface the same 
kind of absorption processes are observed in ambient gas. The variation in the dominant 
absorption mechanism gives a switch between tenuous absorption processes. That controls the 
initiation and threshold irradiance to strongly absorbing high density, high temperature and high 
pressure plasmas [35].  
This kind of hot vapor plasma, interacts with the ambient environment in two ways, as shown in 
figure 1.2. Firstly the high pressure vapor expansion generates a shock wave in surrounding 
atmosphere. Secondly the energy is transmitted to the surrounding environment, via combination 
of radiative transfer, thermal conduction and through heating via shock waves. While these 
processes basically depend on laser irradiance, fluence, wavelength, target composition and 
ambient environment (pressure and composition). Under low irradiance conditions (low fluence, 
longer wavelength) heat conduction is achieved through radiation and thin vapor plasma, is 
achieved in the presence of ambient gas. Whearas, under high irradiance (high fluence, shorter 
wavelength) phenomenon of shock heating is dominant and the vapor plasma forms a continuous 
sheet of plasma, on the target surface (Figure 1.2). Despite the consequences of details how the 
plasma formation is initiated, the adjacent ambient gets heated. Therefore the gasses in the 
ambient that were transparent to incoming laser radiations, initially start absorbing them [35]. 
When a critical number of electrons get free, heated gas layer strongly absorbs and abruptly heats 
to the plasma condition as the vapors in the plasma. A self perpetuating absorption process 
initiates, as the surrounding atmosphere starts to absorb an extensive amount of the laser energy. 
This results into plasma propagation to ambient environment. Subsequent layers of the ambient 
gas experiences the ingestion process i.e. heating initially by the plasma uptil the laser absorption 
in the gas is initiated. Then the heated and strongly absorptive gas converts into strongly 
absorbing plasma through laser heating process.  
10 
 
 
 
Figure 1.2: Features describing interactions between the laser induced vapor plasmas and 
ambient gas [35]. 
 
The plasma formation on the target surface can be explained on the basis of two major 
phenomena i.e. Cascade breakdown or Inverse Bremstrahlung (IB) and Multi-photon Ionization 
(MPI).  
1.2.2.1 Cascade breakdown or Inverse Bremstrahlung Ionization (IBI)  
During cascade breakdown the electrons, gain energy from the electric field of incoming laser 
radiation through electron-neutral “Inverse Bremstrahlung (IB) collision”, an inverse process of 
Bremstrahlung mechanism. An exponential increase in the electron concentration, with time is 
observed in case of cascade breakdown. This simplest mechanism can be expressed by the 
following reaction [37]. 
  
 MeMe 2     1.3 
For occurrence of cascade breakdown, an initial electron should be present in focal volume, of 
the laser irradiation (figure 1.3) and electrons acquire energy greater than ionization energy of 
the gas or binding energy of metal/ band gap of solids(semiconductor or insulator). 
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When a powerful, high intensity pulsed laser beam is made incident to a small area on a target 
surface in the presence of an ambient gaseous environment, a breakdown may occur. If the 
electromegnatic-field, of the laser beam surpasses over a certain threshold value, ions are 
generated. Due to, enhanced energy absorption and increase of absorption coefficient of fluid the 
other electrons and ion pairs are generated. This enhanced energy absorption, results in a cascade 
phenomenon that results in formation of hot plasma within a focal volume that rapidly expands 
in comparatively cold ambient [35].   
 
Figure 1.3: Cascade growth phenomena during laser-matter interaction [35]. 
 
1.2.2.2 Multi-Photon Ionization (MPI) 
In the process of Multi-photon Ionization (MPI) the atom or molecule  get ionized due to  
simultaneous absorption of the adequate number of photons (figure 1.4). In case of MPI, 
electrons may also be ejected from valence to the conduction band. MPI can be expressed by the 
reaction as [38]. 
  eMmhM     1.4 
Usually the energy of single laser generated photon is less than the amount of energy, necessary 
to ionize an atom. e.g., the energies of photons from Ruby, Nd:YAG  and Ti: Saphire laser are 
1.78 eV, 1.17 eV and 1.55 eV,  respectively. Whereas, the ionization potential, of most of the 
gases is larger than 10 eV. Therefore electrons can be removed from their bound energy level 
(valance band) to free energy levels (conduction band) after simultaneous absorption of n 
photons. The n-photon ionization rate of an atom varies as σnI
n
.
 
 Where σn is the ionization cross 
section of n-photon and I is the intensity of laser beam. The ionization cross section, σn decreases 
for higher values of n, but I
n 
dependence ensures that an nth order absorption process will occur 
if the intensities are high enough. This mechanism of MPI may causes the generation of initial 
electrons. Any impurity having low ionization potential such as organic vapors or dust particles 
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can contribute to the generation of initial electrons by MPI [39] and therefore can cause the 
reduction in the ablation threshold. For laser beams having smaller laser intensities the 
phenomenon of MPI is less dominant. Whereas, for intense laser beams with larger photon flux 
(photon/cm
2
) the simultaneous absorption of such larger number of photons that can cause direct 
ionization and hence MPI becomes more dominant. The MPI for UV lasers is more dominant 
that IR lasers. As the energy of one UV photon is higher than one IR photon. Therefore less 
number of photons are required for ionization and plasma formation.  
During comparison of nanosecond and femtosecond lasers due to smaller photon flux and less 
intensity MPI phenomenon is less dominant in nanosecond laser irradiation. Whereas, during 
femtosecond laser irradiation due to high photon flux i.e. greater than 10
31
 cm
-2
s
-1
, electrons get 
free through MPI [40].  
 
Figure 1.4: Multi-photon Ionization (MPI) phenomena during laser-matter interaction [35]. 
 
1.3 Primary mechanisms of pulsed laser sputtering 
When high intensity laser light (10
8
-10
13 
W/cm
3
) is incident onto the target it gets absorbed and 
transferred into the surface through different mechanisms. The primary laser sputtering processes 
are categorized into five classes, that are described as follows.  
1.3.1 Collisional sputtering 
During the mechanism of collisional sputtering the species hitting the target surface lose their 
momentum and cause ablation of the particles from the target surface. As compared to the 
massive and high energy particles (ions, electrons) the momentum of energetic photons is very 
low. In case of indirect collisional sputtering, as a result of the scattering in plasma plume, a part 
of emitted ions may return to the target and cause the removal of particles [41].  
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1.3.2 Thermal sputtering 
In case of thermal sputtering the vaporization of target surface is resulted due to local heating of 
the target surface, by end of laser pulse. Thermal sputtering requires, the temperature of target 
typically above the boiling point, until ablation of target material is achieved [41]. Bennett et al. 
[42] tried to separate thermal effects from electronic effects during laser induced sputtering of 
gold (Au) targets. They performed their experiment by partitioning the surface energy into two 
parts i.e. heating through steady state electron beam and by laser pulse. From their work they 
concluded that the mean energy deposition, depends linearly on the peak surface temperature, 
with a slope of about 15kBT opposite to classical 2kBT.  
1.3.3 Electronic sputtering 
Electronic sputtering consists of many processes in which different kind of excitation or 
ionization phenomenon are involved. Electron hole pairs and electronic excitations are produced 
after interaction of photons with the target surface. As a result of interaction, between electrons 
and lattice the temperature of lattice increases significantly. Both laser induced lattice defects 
and loose inter-atomic bonding, enhance the desorption phenomenon [43]. 
1.3.4 Exfoliational sputtering 
When laser radiations heat the target surface in such a way that no material melting takes place 
and the repeated thermal shocks are generated. It causes exfoliational sputtering of the target 
surface. The thermal stresses cannot be relaxed by melting, so the thermal cycling leads to the 
cracking of target surface and ejection in the form of flakes is observed. The materials having 
high (Young's modulus, thermal expansion coefficient & melting point) are generally very 
sensitive to exfoliational sputtering. Examples of these materials are refractory metals, like 
tungsten, S.S and oxides such as Al2O3 etc. [44]. 
1.3.5 Hydrodynamical sputtering 
Hydrodynamical sputtering is concerned with the processes, leads to the melting of irradiated 
target and ejection in the form of molten droplets. In this special kind of mechanism photons are 
bombarded onto the target surface. Hydrodynamic sputtering does not take place when the 
electrons or ions are incident on the target surface [43]. 
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1.4 Laser ablation 
Laser ablation is phenomenon of material removal from the target surface by means of an energy 
induced transient disequilibrium in the lattice. Ablation phenomenon is usually discussed for 
pulsed lasers. However, it is also achievable with intense CW irradiation. Ablation process can 
occur above the threshold fluence. The absorption and ablation mechanism is influenced by 
the laser beam properties (pulse wavelength, fluence and pulse duration), particular 
material properties (melting point, reflectivity, conductivity, roughness, crystallinity, 
binding energy & chemical composition) and on microstructure, morphology and presence of 
defects [45]. While for multiple pulse irradiation, the  ablation threshold may decrease, due to 
accumulation of defects (incubation effect) [46].  
1.4.1 Theoretical background 
When laser light is made to fall on the metallic targets the free electrons absorb the incoming 
laser energy, due to phenomenon of IB or MPI. This absorbed energy involves the thermalization 
inside electron subsystem, the energy is transferred to lattice and via heat transport and to the 
bulk target. If we consider electron and lattice as two subsystems having different temperatures 
i.e. Te  & Ti, then the energy transport in the metallic target can be illustrated on basis of two 
temperature model [47]. 
  
   
  
  
      
  
                   1.5 
  
   
  
               1.6 
        
   
  
      1.7 
                     1.8 
Where Z, is the direction perpendicular, to target surface, Cἰ and Ce are heat capacities in a unit 
volume for lattice and electrons and Q (z), describes heat flux. A=1-R and α are the transmitivity 
of surface and coefficient of material absorption. While  is parameter describing electron-lattice 
coupling and  e, is thermal conductivity of electrons. S (z, t) is source term, representing the 
energy deposited by the laser, for a period of time ∆t in the hot electron cloud. Equations 1.5 and 
1.6, describe the heating of the electrons and lattice having two characteristic time scales i.e. the 
electron cooling time (τe) and lattice heating time (τἰ). The regimes of laser heating are defined 
using these time scales, when compared with the laser pulse duration (τL) [47].  
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Thermal conductivity in the subsystem of lattice i.e. the phonon component is ignored in the 
above equations. As the lattice heat capacity is higher than heat capacity of the electronic 
subsystem. Therefore, electronic subsystem can be heated to high transient temperatures. For 
electron temperature smaller than Fermi energy the non-equilibrium thermal conductivity of 
electrons and heat capacity of electrons is given by           (    is constant here) and 
            (
  
  
  where        is the equilibrium thermal conductivity, of any metal used [48-
49].  
The equations 1.5 to 1.8 represent three characteristic time scales that are τ   τ   τ    here  τ  is 
laser pulse duration,  τ  
  
 
, is lattice heating time,  τ  
  
 
 is electron cooling time 
(       τ  τ  .  These three characteristic parameters correspond to three different regimes of 
laser matter (especially metal) interactions, are called nanosecond, picosecond and femtosecond 
regimes.  
1.4.2 Ablation mechanisms in metals by employing nanosecond laser 
Nano-second laser-matter interaction, is a widely investigated field of research [50-52]. When a 
metallic target is irradiated with the nanosecond laser beam, firstly the energy of irradiated laser 
pulse will be converted into electronic excitations and then transferred to lattice of materials 
through collisions between electron and lattice. The laser energy deposition will produce various 
number of phenomenon such as heating, melting, vaporization, ionization  and plasma formation 
as shown in fig 1.5 [53].  Since the lattice heating time is very much less than the duration of the 
pulse (τἰ<< τL) in case of nanosecond laser pulses. So the electrons and lattice are considered to 
be in equilibrium for most of the pulse duration. Then the lattice and electron temperature 
becomes equal,          The required electron heating time for the lattice depends on the 
material properties, but usually lies within the range of 2-3 picosecond for metals [23]. 
So the equations, 1.5 to 1.8 reduces to a single equation as given below [54]. 
  
  
  
 
    
  
  
 
  
                1.9 
The nanosecond laser heating of the metallic targets was a subject of theoretical and 
experimental research. In nanosecond regime the target surface is first heated and then vaporized 
by the absorption of laser energy. The metals require more energy to get vaporized, than for 
melting. In case of nanosecond laser ablation of metals, there is a sufficient time for heat 
conduction inside the bulk material down to a depth defined as heat penetration depth and is 
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given by  l~(Dt)
12/ 
[54], here D is heat diffusion coefficient and D = 
  
  
 and t is the characteristic 
time. For nanosecond laser pulses the condition D τ  
2
 >>1 is fulfilled usually. Energy deposited 
per unit mass of the target is presented by   ~  
   
  
.     Here I(t)=I0, Ia= I0A and ρ  is the density.         
At some specific time when t becomes equal to tth, then this energy becomes greater than specific 
evaporation heat (Ω), causing an enhanced evaporation of the irradiated target. When   ~  Ω, 
we obtain tth ~ D (Ωρ/I)
2
 [55]. Therefore for strong evaporation, τ  should be greater than tth, or 
   should by greater than Ω. So the equation for strong evaporation for laser intensity and 
fluence respectively, can be written as [54], 
I > Ith~ Ωρ D
1/2
 /  
1/2
  ,     F > Fth ~ Ωρ (D   
1/2   
         1.10
 
The value of threshold fluence necessary for evaporation for nanosecond laser pulses increases 
with τ 
1/2
. 
For nanosecond lasers, there is sufficient time for the thermal wave propagation into the material 
for the creation of larger melted material. It causes the ejection of melted material in the form of 
droplets, flakes, exfoliates and clusters of particles. Also a large heat effected area and heat 
effected zone along with cracking will be obtained after nanosecond laser ablation as shown in 
figure 1.5. 
 
 
 
Figure 1.5: Ablation mechanisms in metals by employing nanosecond laser irradiation [56]. 
17 
 
1.4.3 Ablation mechanisms in metals by employing femtosecond laser  
During interaction of femtosecond ultrashort pulses with metals, vaporization takes place in a 
very short interval of time. A solid is usually illustrated as a network of ions, surrounded by an 
electron cloud. In this cloud almost every electron is more or less connected with each other 
(quasi free), depending on the conductive nature of material [57]. The quasi free electrons, 
absorb energy linearly of the incident photons, in a quasi instantaneous time (<1 femtosecond). 
The incoming laser radiations are absorbed on a thin surface layer, having thickness of the order 
of inverse of the linear absorption coefficient. The electrons gain energy and their temperature 
rises very rapidly. For the femtosecond pulses i.e. τL ≈ 100 femtosecond, laser pulse duration is 
shorter than the lattice heating time i.e. τἰ >> τL. This means that during laser pulse the electron 
and lattice are not in thermal equilibrium and the heated material is inertially confined. This 
means that development, of ionic and electronic dynamics are decoupled. It is noticed, for the 
pulses of duration of the order of picosecond or nanosecond, this phenomenon of decoupling is 
neglected because the mechanism of energy transfer, occurs only within picoseconds [57]. 
For femtosecond laser pulses, τ  τ  i.e. the laser pulse duration is shorter than electron cooling 
time. For the case of t τ  that is equivalent to 
    
 
     , the electron lattice coupling can be 
ignored.  Under this condition the equation 1.5 can be solved easily. The general solution, for 
this equation is more complex. Therefore, for the simple solution, the electron heat conduction 
term has been neglected.  This can only be considered if the following conditions are satisfied 
i.e. Deτ <  
-2
, (here De = 
  
  
 is electron thermal diffusivity). In this case the equation 1.5 reduces 
to  
   
   
 
  
                    1.11 
The electron temperature comes out to be 
Te(t)=(   
  
    
   
         )1/2    1.12 
Where I(t)= I0 is considered constant, Ia = I0A and T0 = Te(0) is internal temperature. For the end 
of laser pulse, the electron temperature is evaluated by [54].  
              
 
                                             1.13 
Here, one can assume that    τ   >>  , Fa = Iaτ  is absorbed laser fluence and skin depth is 
represented by δ= 1/α.  
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Evolution of lattice and electron temperatures after the laser pulse is given by equations (1.5 to 
1.8) with S=0. The primary condition for the lattice and electron temperature is given by 
equation 1.13 and by using approximation Ti  To. After laser irradiation the electrons cool down 
rapidly after transferring their energy to the lattice and through heat conduction into the bulk 
material. The electron cooling time is very low, so the equation 1.6, can be written as    
   τ  
 
τ 
  (by neglecting the initial lattice temperature). The temperature attained by the lattice is 
calculated by considering, average cooling time of electrons. τ 
        τ     , and is specified 
by [54], 
    
 
  τ  
   
   
 
   
  
            1.14 
The hot electron relaxation dynamics for metals after excitation by femtosecond laser irradiation 
was extensively studied by various research groups [14-16]. It is reported in the literature that the 
time scale for electron relaxation and lattice heating is in picosecond time regime [54]. 
Considerable evaporation of the target material is achieved as      becomes greater than Ωρ 
where, Ω is specific heat of evaporation per unit mass and ρ is the density. Using equation 1.14 
the condition for the strong evaporation can be written as [54]. 
Fa   Fth exp (αz),      1.15 
Here Fth   
Ωρ
 
 is threshold fluence for evaporation with femtosecond laser pulses. Therefore, the 
ablation depth per pulse (L) is given by [54], 
L       In (
  
   
       1.16 
This algorithmic dependence of ablation depth is normally considered for organic polymers, but 
Preuss et al. [58] considered this approximation also for metals. For femtosecond lasers having 
ultrashort time scales the ablation process can be considered as direct solid vapor or solid plasma 
transition [54].  In case of ultrashort laser ablation, the lattice is heated on picosecond time scale 
that results in the creation and expansion of vapor/plasma phases, depending on ambient 
environment (vacuum, gasses). The major advantage of femtosecond laser ablation is to allow 
pure and precise laser processing of metals as shown in figure 1.6.  
1.5 Processes related to femtosecond laser irradiation 
The basic processes related to ultrashort laser irradiation, of material can be classified in to two 
groups i.e. nonthermal and thermal. During ultrashort laser ablation of materials the absorption is 
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achieved through linear or non linear processes. In case of semiconductor and insulators the 
ground (lower) states are completely full and the upper conduction states are completely empty 
at room temperature [59]. A border between the conduction and valance band is present that is 
called a band gap. 
 
Figure 1.6: Ablation mechanisms in metals by employing femtosecond laser irradiation [56]. 
 
While for metals plenty of electrons are present in conduction band and no band gap is observed 
between conduction and valance band as shown in figure 1.7 [59]. For the case of insulators the 
free electrons are present in conduction band above absolute zero. Therefore, during 
femtosecond laser interaction with insulators the free electrons get directly ionized through MPI 
process.  
 
Figure 1.7: The energy band diagram for insulators, semiconductors and metals [59].  
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In case of semiconductors and metals, as there exist plenty of valance and free electrons with an 
ionization potential < photon energy. Therefore, the phenomenon of linear absorption becomes 
dominant [40].  While in case of transparent materials for a given wavelength, the target material 
gets desorbed by nonlinear absorption via lattice defects [40, 60]. 
When a laser light is incident on the target surface the electrons get excited, due to the absorption 
of photons through IB. Initial electronic excitations are defined by hierarchy of secondary 
processes (thermal or non-thermal). It eventually causes the surface and structural modifications 
on the irradiated material surface [61]. The chain of processes that are related with femtosecond 
laser matter interactions in different time scales are described in figure 1.8. 
 
 
 
Figure 1.8: Femtosecond laser matter interactions in different time scales [61]. 
 
1.5.1 Non thermal processes 
Ultrashort laser irradiation may produce a low damage on the irradiated target surface termed as 
gentle ablation in low fluence regime. These processes are generally obtained in the femtosecond 
time scale. The non-thermal processes are categorized into Coulomb explosion (CE) and Ultra 
Fast Melting (UFM).  
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1.5.1.1 Coulomb Explosion (CE)  
During femtosecond laser matter interaction the energy transfer from ultrashort laser pulses to 
the free electrons on the material surface, is sufficiently fast. There is no sufficient time to 
transfer this energy to lattice during the pulse duration. Prior to total material evaporation the 
free electron cloud generates electron plasma. Rukhadze et al. [62] show that the plasma 
electrons left the plasma, under action of ponderomotive force and opposes laser radiation field 
gradients. Therefore the plasma ions are ejected in the field of self space charge causing CE. The 
positive charges are produced on the irradiated target surface, by photoexcitation and the 
phenomenon of CE is observed, when the charge density is exceeded from a certain threshold 
value, and the electrostatic repulsion will overcome the bond energy [62-63].  During this 
process the kinetic energies of emitted positive ions/clusters that are accelerated under the action 
of electrostatic field is ranging between few eV to few hundreds of eV [64]. Along with positive 
ions high energy neutrals are also observed [64]  indicating a high probability for collision and 
neutralization.  
The phenomenon of CE is normally well accepted for dielectric materials and still debateable in 
the case of metals. Phenomenon of CE in metals can be explained on the basis of  Bychenkov 
and Kovalev model[65]. This model illustrates the generation of monoenergetic, light ion beam, 
during CE of high power femtosecond laser irradiated targets. When high intensity laser beam 
hits the metallic target surface it removes all electrons from the localized volume results in the 
acceleration of ions via CE. Basic concept of CE can be explained on the basis of the formulae 
given in equation 1.17, by considering that the pulse duration of laser is smaller than time 
required by ions of metal for attaining sufficient energy, to leave the target surface [65].  
         
                    1.17 
Here τ, is pulse duration of the irradiating laser beam, While the elastic collision rate between the 
electrons is described by     and is about 10
15
 s
-1
 and the fraction of energy transferred to crystal 
lattice is denoted by δ  For metals the value of δ lies between 10-4 to 10-3, while the value of τ is 
between 10
-11
 to 10
-10 
(sec). Therefore the laser energy of femtosecond laser is sufficient, for 
charging the metal in such a way that it has plenty of ions through CE in femtosecond time scale 
[62].  
The CE, is an adequate model for the description of LIPSS/track formation on the irradiated 
metal surface as compared to T-Spike model [66]. It also gives a considerable explanation of 
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particle emission during excitation at femtosecond time scale [64]. Within the laser spot, in 
localized nm sized small areas, due to absorption of energy a dense hot electron cloud is 
generated. From this cloud the hot electrons drift out which results in posatively small volumes 
and the charging leads to CE. 
Various research groups have investigated the phenomenon of CE in semiconductors and metals 
theoretically [67] and experimentally [60, 63]. The experimental evidences show that a 
significant fraction of ions emission during femtosecond laser matter interaction show the 
presence of CE in metals [62], in dielectrics  [68-69] and in semiconductors [70]. 
Bashir et al. [71] studied non-thermal and thermal process on the femtosecond laser ablated Al 
targets. They related the formation of nano hillocks with CE in low fluence regime. For moderate 
fluences slightly greater than the ablation threshold the bump formation was related with the 
ultrafast melting phenomenon. While in higher fluence regime, greater material removal along 
with surface protrusions and cluster formation has been well correlated with thermal processes. 
Hashida et al. [63] studied the formation of LIPSS on the femtosecond laser irradiated metallic 
(Mo, Ti) targets. They explained the LIPSS formation on the basis of surface plamsons and 
stimulated Raman scattering, model. They also related the LIPSS formation with a strong CE. 
They inferred from their results that the wavelength of induced plasma waves on the irradiated 
surfaces depends on the plasma frequency i.e. on the electron density of the surface plasma. 
1.5.1.2 Ultrafast Melting (UFM) 
Energy deposition into the material after femtosecond laser irradiation is faster, than it is 
dissipated through thermal and mechanical relaxation. Ultrafast melting is a nonthermal 
mechanism as it happens immediately after laser pulse, before the electrons reach to their 
equilibrium states. In case of ultrafast melting the lattice deformation is not occurred due to 
enhanced temperature like in case of thermal melting, but it is due to creation of deformation 
variation in potential landscape following electronic photo-excitations. Ultrafast melting is 
achieved in hundreds, of  femtosecond [72]. Smaller than picosecond time scale, a time scale for 
mechanisms of thermal melting and is put forward by electron phonon, coupling constant. 
Ultrafast melting is provoked due to ionic deformations, originated with repulsive potential that 
is occurring between ions, due to existence of photoexcited, electron hole plasmas [71]. 
Phenomenon of UFM is responsible for emission of particles having a few eV energy. UFM is 
not only observed in semiconductors [73] but also in metals [71].  
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1.5.2 Thermal processes 
For fluences greater than the ablation threshold of the irradiated target, the melting and 
evaporation of target material give rise to thermal ablation. In case of thermal ablation a large 
number of low velocity neutral atoms and ions are generated to form a laser ablated region in the 
form of crater on the target surface. This kind of ablation is normally termed as strong ablation. 
Strong hydrodynamic expansion of evaporated surface material i.e. greater than thermal 
diffusion and skin depth may proceed the strong ablation.  
In case of thermal ablation the absorbed laser energy is given to the phonons via electron phonon 
interactions, in few tens of picosecond, at a defined value of pressure and temperature regime 
[74]. During ultrashort laser matter interaction the electron phonon collision time is comparable 
with electron-electron collision time. Therefore, the energy transfer from electrons to phonons 
takes more time due to larger mass of phonons as compared to electrons. Time during which the 
electrons and lattice come into thermal equilibrium is called thermalization time.  
In case of defect free dielectric materials, the absorption of incident laser energy and its transfer 
to the lattice is obtained within a time scale of about a few tens of picosecond. So damage of this 
material is obtained via conventional heating of lattice causing melting, boiling and fracture. The 
thermal processes, gives a τ1/2 dependence of threshold fluence on the pulse duration [74].  
The phonon temperature in this process is utilized for cauterizing the Bose- Einstein distribution. 
Two temperature model that deals with the heated electron gas and the interaction with the lattice 
[75]. Transition metals (Ti, Al etc) exhibit a stronger electron phonon coupling and low 
electronic temperatures, during interaction of laser radiation. On the other hand the noble metals 
i.e. Au, Cu etc, have relatively weak strength of electron phonon coupling. Thus results in high 
electronic temperatures after laser energy absorption [76]. Thermal ablation takes place when the 
laser pulse duration is higher than electron lattice relaxation time. This process is also dominant 
in higher fluence regimes during femtosecond laser irradiation [74]. 
In case of strong ablation three kind of processes take place i.e. the vaporization, boiling and 
explosive boiling. If the phenomenon of subsurface heating is not considered then these 
processes depend on the pulse duration and temperature achieved by the irradiated region. At 
fluence higher than the ablation threshold, multilayer ejection in the form of fragments, droplets 
and particulates having energy of about fraction of 1 eV is observed. Understanding the 
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mechanism of thermal ablation is most important to study the material removal from the laser 
irradiated surfaces.  
1.5.2.1 Vaporization 
The vaporization phenomenon is dominant for longer pulses with high power density i.e.  106 
Wcm
-2
.  During the process of vaporization transfer of energy between electrons and phonons 
takes place at about picosecond time scale and the incident absorbed energy is directly converted 
into heat directly.  The vaporization depth is critically dependent on thermal conductivity and on 
thermal diffusivity of irradiated target material [50]. 
1.5.2.2  Normal boiling 
During the phenomenon of boiling the material is melted and then evaporated after laser 
irradiation. The process of normal boiling involves the heterogeneous nucleation of the bulk 
liquid at a temperature that is minimally higher than the boiling temperature. At the boiling 
temperature, once the vapor bubbles are formed they have to move and escape from the matrix of 
liquid surfaces, at very low speed. Normal boiling of the material is achieved from the surface to 
optical absorption depth [77]. 
1.5.2.3 Phase explosion 
In case of ultrashort pulsed laser ablation, extreme pressures, temperatures and densities build up 
accelerate ionized material to enhanced velocities. Due to short interaction times, the material 
cannot be evaporated incessantly but transferred to a state of overheated liquid. This merges to a 
high pressure mixture, of liquid droplets and vapor expands swiftly. This mechanism is 
extensively known as phase explosion [57]. 
1.6 The comparison of femtosecond and nanosecond laser ablation 
The pulse duration of nanosecond laser is higher than the lattice electron phonon relaxation time. 
Therefore, a thermal equilibrium between lattice photons and hot electrons is established. The 
absorbed energy gets converted into heat in the absorption volume. Nanosecond laser irradiation 
of material generates a plasma cloud above the sample and the laser pulses interact with transient 
states of material as well as with the plasma cloud. The main evaporation of the material is 
observed during irradiation when the material is in molten state, while the evaporation in the 
form of droplets is observed in the hot plasma. Under these ablation conditions, the preferential 
(fractional) evaporation can be expected during nanosecond laser irradiation. In case of 
nanosecond laser pulses, ablation processes generally take place via heating, affecting the 
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material in several ways. Firstly, a heat transfer to the region around the ablated area is achieved 
called heat affected zone (HAZ). In the HAZ the material optical properties are permanently 
changed, i.e. enhanced absorption and reduced reflectivity. Secondly, due to thermal damage 
microcracking can also be observed around the ablated zone. During nanosecond laser 
irradiation, laser ablation is driven by laser induced thermal heating, melting, vaporization, 
ionization and sublimation processes. 
For femtosecond lasers the pulse duration is smaller as compared to electron phonon relaxation 
time. So during femtosecond laser irradiation the electron and lattice don’t come into thermal 
equilibrium and are treated as two subsystems [78]. Electrons absorb photon energy and transfer 
their energy to lattice through electron phonon coupling. Due to efficient energy transfer into the 
target surface the material removal is not achieved through classical melting. The short time 
scales of the processes during the femtosecond laser ablation the phenomenon of plume post 
heating is neglected, minimizing the risk of fractional evaporation. Another advantage of 
ultrashort laser irradiation is reduced HAZ, less thermal effects to allow enhanced spatial 
resolution [78]. Due to reduced thermal effects during ablation smaller melt zones without 
cracking and debris are observed because of total evaporation.  
During femtosecond laser ablation at fluences near or slightly higher than the ablation threshold 
nonthermal processes (CE, ultrafast melting) are dominant. While for higher fluences thermal 
processes (vaporization, boiling, phase explosion) are dominant [71].   
Two ablation models can be applied for the study of different ablation mechanisms occurring for 
nano and femtosecond laser pulses. The first model: is describing the classical beam-matter 
interactions. The ablation rate is approximately calculated from energy conservation, by 
assuming that all the laser pulse energy leads to the evaporation of material. The temperature 
enthalpy diagram of  figure 1.9 (a) represents the model for the classical ablation. The energy of 
the laser pulse is pertained to heat up the material to the evaporation temperature and to 
overcome, the latent heat of melting and evaporation. The material is ablated from the vapor 
state. This model assumes 100% energy absorption by neglecting the heat conduction effects 
[79].   
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      1.18 
Here m is the ablated mass, N is number of laser pulses, Epulse is the pulse energy, Cp is the heat 
capacity, TV is evaporation temperature, T0  the ambient temperature, ∆Hm is melting enthalpy 
and ∆Hv is the evaporation enthalpy [79].   
The second model describes non-classical and ultrafast beam-matter interactions and is 
represented in figure 1.9 (b).  
 
 
 
Figure 1.9: Ablation models: a) classical nanosecond laser ablation model, b) two-temperature 
model for ultrafast laser ablation [79]. 
1.7 Influence of laser parameters on laser ablation 
1.7.1 Effect of fluence 
The laser fluence is one of the most important controlling factors that influences the ablation 
efficiency of the irradiated targets. The fluence of a laser pulse has to be larger than a certain 
threshold value because for low fluence (< threshold of material), the number density of hot 
electrons is considered to be low for removal of target species. So the fluence greater than some 
threshold value causes the stoichiometric removal of the target material. On the other hand, too 
large values of fluence may result in the melting of structures developed on the target surface 
after laser irradiation [80]. 
Many research groups have investigated the effect of laser fluence on the surface structuring of 
metals [81-82]. Clark et al. [81] investigated the effect of KrF laser fluence on the surface 
structuring of Ge and Al. High-aspect-ratio grooved microstructures on Excimer laser irradiated 
Al, Si and glass have been reported for different repetition rates and fluences [46]. For low 
fluence and high repetition rates V-shaped cross-section or profile were revealed. While for high 
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fluence and low repetition rate U-shaped profile were obtained. The ablation rate was also 
calculated for all materials based on the measured ablation depth and the ablation profile. 
Formation of LIPSS and micro-columns on the Ti surface for various laser fluences was 
investigated by Oliveira et al. [83]. From their research work they concluded that ripples convert 
into micro-columns as they are subjected to fluences near the melting threshold of Ti. 
1.7.2 Effect of wavelength 
Laser wavelength is identified as one of the most important parameter for ablation and growth of 
various structures on the target surface [84]. The longer wavelengths correspond to smaller 
photon energy and hence, there is a lower probability for photo ionization from the excited level. 
This can be related to the plume temperature (Te) and electron density (ne). The values of Te and 
ne during or shortly after the laser pulse become higher for shorter wavelength pulses, because of 
the higher photon energy at fixed laser fluence. Secondly, short wavelength lasers (UV region), 
are preferred than longer wavelength lasers (IR regions), because at shorter wavelengths the 
reflectivity of most materials (especially metals) is much lower. This implies to large absorption 
coefficient in the UV region as compared to IR region. Therefore, more energy is absorbed in a 
thin surface layer that causes the enhanced ablation efficiency [85]. For IR lasers the energy of 
one photon is smaller than UV photons. Therefore, ablation efficiency of material using UV laser 
is higher than IR at the same value of fluence. 
Tertica et al. [86] investigated the effect of nanosecond laser energies and wavelengths on the 
surface structuring of Ti. From their results they concluded that the laser wavelengths and the 
corresponding laser energy densities, efficiently enhance the surface roughness through a series 
of effects like melting, vaporization of the molten material and shock waves. This increased 
surface roughness can improves bio-integration of irradiated Ti surface. Dou et al. [87] 
investigated the surface structuring (sub-micrometer to micrometer) of Al alloy after irradiation 
with femtosecond laser for three different wavelengths of 496, 248, and 308 nm. Athermal 
dynamic model was used to analyze the ablation processes and a strong correlation was revealed 
between the theoretical and experimental results.  
1.7.3 Effect of pulse duration 
The laser pulse duration explores the kinetics and dynamics of laser induced plasma and ablation 
mechanism. For nanosecond regime the energy can be delivered according to thermal modes 
[88]. For ultra short laser pulses (femtosecond), energy deposited by the laser pulse does not 
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have enough time to move into the bulk target material. Therefore the thermal energy remaining 
on the target surface is negligible and ablation is cleaner than from nanosecond ablation. Walsh 
et al. [89] investigated the effect of variation in pulse duration of CO2 lasers on pig skin. They 
get maximum thermal damage for maximum pulse duration and minimum damage for minimum 
value of pulse duration.  Vorobyev et al. [90] studied the effect of variation of pulse duration 
from nanosecond to femtosecond on the residual thermal effects of Al. From their experiment 
they inferred that above the plasma threshold, the residual thermal effects can enhance the 
thermal coupling and absorption of laser pulses with the variation in pulse duration from 
nanosecond to femtosecond. 
1.8 Effect of ambient environments 
The nature of ambient environment, is one of the most important and controlling factor for the 
plasma characteristics and also plays a significant role for material modification [91]. Under 
vacuum condition no adverse effects of the background gas are present. In vacuum, the plume 
does not expand unidirectionally but backward velocity components appear as well, because of 
the high density plasma. Moreover, the ejected species diffuse in the plume and collide with each 
other, this leads to rapid thermalization of the particle cloud. The plume under vacuum condition 
is only visible in the immediate environment of the target. Compared with expansion under 
vacuum condition, the interaction of the plume with an ambient gas is a far more complex. Gas 
dynamic processess due to the appearance of new physical processes such as deceleration, 
thermalization of the ablated species, interpenetration, recombination, formation of shockwaves 
and clustering, chemical reactivity play a significant role [26]. The common effects of the 
background gas are spatial confinement, shielding effect and slowing down of the expanding 
plume [92]. 
During laser-matter interaction in reactive environment (air, N2, O2 etc), the enhanced chemical 
reactivity and interplay between laser energy deposition and plasma species of ambient  
environment causes maximum redeposition, in the form of large sized particulates and causes the 
formation of nitrides, hydrides and oxides etc. While in case of non reactive ambient 
environment (Ar, Ne, He) small sized features like nano particles and droplet formation is 
observed [93].  The thermal conductivity and gaseous environment is also a decisive factor for 
favourable cascade growth. 
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Valiev et al. [94] investigated the effect of nanosecond laser irradiation on the surface of Cu, Ti 
and on super plastic alloy. They correlated the mechanical properties with ambient temperature 
and super plastic conditions. Nayak et al. [29] reported the effect of non-reactive (vacuum and 
He) and reactive (SF6, air or HCl) ambient environment on the surface structuring of Ti, after 
femtosecond laser irradiation. In non reactive environment, the observed microstructures were of 
height up to 25 μm and diminish to 500 nm at the tip. However in case of reactive environment 
no sharp conical microstructures were observed. After laser induced structuring, of Ti its surface 
became pitch black due to reduced reflectivity, as compared to its original silver-grayish color.  
1.9 Effect of material 
Laser ablation is also a material dependent phenomenon. It depends on material purity, electron-
phonon coupling co-efficient, melting point, absorption, thermal conductivity, thermal 
diffusivity, ablation threshold etc.  The mechanism of energy absorption, plasma formation and 
material removal is strongly dependent on the selected material (metal, semiconductor, 
insulator). Laser energy may be absorbed by the metal either by exciting electronic/vibrational 
transitions in atoms, molecules or impurities trough IB. In metals, the absorption may occur due 
to free electron absorption via IB.  Eelectrons in the conduction band absorb a photon and gain 
sufficient energy. In case of semiconductors the electrons are excited from the valence bands to 
the empty conduction bands as if the provided photon energy exceeds the band gap energy of the 
material. In dielectrics, if the band gap energy is higher than the photon energy,  multi-photon 
transitions are required to excite the electrons from the valence band to the conduction band [57].  
Anatoliy et al. [95] studied a correlation between optical absorption and residual thermal 
response of laser induced structural modifications of platinum (Pt) metal. They verified enhanced 
absorption and residual thermal coupling of irradiated metal in air ambient.  Bashir et al. [60] 
reported the formation of LIPSS on metal (Al), semiconductor (Si) and insulator (CaF2) after 
irradiation with femtosecond laser. From their results they inferred that the LIPSS formation is 
very sensitive to the incident laser fluence and selected material. They gave a comprehensive 
insight of physical processes that are responsible for surface structuring of these materials 
(metals, semiconductors & insulators). Kazakevich et al.[96] presented the ablation mechanism 
in metals (W, Cu, brass and bronze) in different ambients, after irradiation by Nd:YAG laser 
(1064 nm). They observed various kinds of microstructures (LIPSS, cones) on different metals 
depending upon their ablation threshold, reflection and absorption of incident laser radiation as a 
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function of selected metal. They concluded from their experiments that reflection of incident, 
laser radiation from LIPSS on the metal’s surface may lead to the formation of hot spots between 
the adjacent microstructures.   
1.10 Surface structuring of metals after laser ablation  
Laser induced surface structuring of metals is an important and rapidly growing technology. The 
surface properties, cosmetic appearance and absorption can be controlled by altering the surface 
texture [97]. The material surface susceptibility to the surface damage and wear can be 
diminished by varying the surface morphology, chemistry and crystal structures [98]. The 
tribological, adhesive, chemical and biological properties of irradiated material/metallic surface 
can be influenced by shape and size, of micro/nano scale features present after surface 
structuring [99]. The nanosecond and femtosecond lasers can generate the features on the micro 
as well as on nanometer scale. Lasers with different wavelengths can deliver photons of different 
energies, so can be absorbed to different extents by a single material. Due to these characteristics 
lasers are widely used for micro/nano structuring of materials. When different materials are 
exposed to multi-pulse laser irradiation (under various fluences, ambient conditions and pulse 
durations) various structures like LIPSS, cones, cavities and grains are grown on the irradiated 
surface. The micro/nano structured surfaces are not only valueable in case of sophisticated 
devices but they are also important for minimizing the size of components. Due to enhanced field 
emission and optical absorption properties these structures have many applications in the fields 
of thin film deposition, nanofilamentation, nanofabrication, industry etc. Different theories 
related to the basic knowledge of physical processes for formation of these surface structures, is 
given below. 
1.10.1 Physical processes responsible for the growth of  
1.10.1.1  Laser-Induced Periodic Surface Structures (LIPSS) 
Laser Induced Periodic Surface Structures (LIPSS), also referred as ripples are often observed 
after nanosecond and femtosecond laser irradiation. Formation of ripples was first observed in 
1965 after the manifestation of first laser. Various research groups have studied the formation of 
LIPSS on different materials [30, 100-101]. LIPSS formation on metals comprises of the 
formation of wavy patterns on the irradiated surfaces. There are different theories and models 
proposed to explain the growth of ripples, but still their complete understanding is ambiguous. 
Ripples formed on the irradiated metallic surface are of two kinds i.e. micro and nano scale. It is 
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suggested in the literature [102-103], that nanoscale (sub-wavelength) ripples are oriented in the 
direction perpendicular to linear polarization of laser beam. Whereas, the micro-ripples are 
oriented in the direction parallel to linear polarization of the incident laser beam. However, the 
threshold fluence for the formation of nanoripples is  smaller than microripples [104]. 
Each deformation mechanism is affected by irradiating laser parameters like pulse duration, 
pulse energy/ fluence, wavelength and the number of pulses, angle of incidence and plane of 
polarization. The material parameters like thermal conductivity, heat capacity, surface tension, 
thermal diffusivity, viscosity and kinemetic viscosity of the melted material and from 
experimental parameters, i.e. the ambient environment etc. [44] also plays a significant role for 
the generation of LIPSS. 
The generation of naoripples can be explained on the basis of Surface Plasmons (SP’s)  theory or 
parametric instability [100]. During laser irradiation, first few pulses of laser can enhance the 
surface roughness of the target material.  Non-uniform free electron density due to this surface 
roughness plays a significant role in the development of nano scale ripples [105]. Formation of 
nanoripples can also be explained on the basis of a parametric decay (Stimulated Raman 
Scattering) model [63]. The plasma waves travel slowly, at a speed less than 10
-2
 times the speed 
of light and an ion-enriched local area appears. Before the next peak of an electron wave arrives, 
ions experience a strong Coulomb repulsive force causing a Coulomb Explosion (CE). Through 
this process periodic ripple structures are formed [63].  
However, microripples are formed through rapid heating and melting of the surface layer 
followed by fast cooling under plasma pressure and gradients in the thermodynamic parameters.  
The formation of microripples is also explainable on the basis of the Kelvin–Helmholtz 
instability [106]. In case of metals, the molten metal surfaces behave as a fluid or water and the 
expansion of high pressure plume can be considered as a source of wind. The micro-sized ripples 
are formed, when the laser-induced surface waves are splashed, re-solidified, frozen and are 
permanently imprinted on the ablated surface of the target material [106].  
During laser ablation if the temperature is sufficiently high to melt the surface completely, then 
the molten surface flows in the form of  fluid [107]. During re-condensation process the fluid is 
pulled down due to surface tension. However, the solid-liquid interface still retains the 
convoluted sinusoidal contour produced by the inhomogeneous deposition of energy at the 
surface. Thermal conduction causes underneath cooling of the molten material. The solidification 
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front proceeds upwards which retains the convoluted interface profile [107]. As the re-
solidification front reaches the surface of the target, the front becomes restrained, thus effectively 
breaking the surface into isolated molten pools [107]. Yao et al. [108] studied theoretically and 
experimentally, formation of  high spatial frequency LIPSS after laser irradiation on the surface 
of S.S & Ni. They recommended that redistribution of the electric field, on the metallic target 
surface initially forms low spatial frequency LIPSS, causes the formation of high spatial 
frequency LIPSS. The formation of sub-100 nanometer LIPSS on Ti surface by femtosecond 
laser pulses has been explored by various research groups [7-8, 28-29]. Oliveira et al. [28] 
studied the formation of LIPSS and microcolumns on the surface of  Ti  for various femtosecond 
laser fluences ranging from 0.5 to 2 Jcm
-2
 in stationary and scanning modes. They concluded that 
ripples convert into microcolomns as they are irradiated to the fluences near melting threshold of 
Ti. 
1.10.1.2   Laser-induced bumps  
Laser irradiated surfaces that are significantly non uniform and protruded are called bumps or 
debris, which can have enhanced defect densities and high electric fields in the near surface 
regions. Various research groups have studied the formation of nano/micro bumps on the surface 
of metallic and nonmetallic targets [71, 109]. The possible mechanism for the formation of 
bumps is related with the aggregation of primary defects after gaseous diffusion. This can also be 
caused by the relaxation of compressive stresses and an increase of local volume [110]. The 
formation of bumps can also be explained on the basis of micro explosions inside the material 
due to the presence of pressure waves, caused by localized surface melting, raising the surface 
upward in the form of bumps [110]. In case of femtosecond laser ablation, the formation of 
bumps in the moderate fluence regime can be related to phenomenon of UFM, surface tension, 
transformation and aggregation of defects [111]. 
1.10.1.3   Laser-induced cones  
Cone is basically a three dimensional, geometric shape that is tapered efficiently from a leveled 
metal surface after nanosecond or femtosecond laser irradiation. Simultaneous occurrence of the 
physical deformation mechanisms, like melting of material, generation of capillary waves, 
evaporation and ablation instigates the cone formation. Basic reason, for the formation of these 
conical microstructures is preferential evaporation of target surface due to erosion resistant 
surface formed by surface segregation and defect generation after laser irradiation [112]. Cone 
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formation can be explained on the basis of  erosional resistant impurities when the surrounding 
material is removed, through  multiple laser pulses and are pointed in the direction of incoming 
laser radiation. Olivera et al. [83] observed that threshold for formation of conical 
microstructures, is higher than ripple formation. Dolgaev et al. [113] reported multipulse 
irradiation effects of  nanosecond laser on the growth of conical microstructure arrays on a 
stainless steel substrate under various pressures of air. Cone formation on different metals (Ti, 
Al, Cu, S.S) have also been investigated [114]. In this investigation it was reported that after 
laser induced surface structuring the surface reflectance of these metals could be controlled from 
the original values to approximately zero.  
1.10.1.4   Laser-induced cavities  
Cavity is a small hole that is induced on the target surface after laser irradiation. Laser induced 
heating, thermal desorption, melting and explosive boiling of irradiated surface is basic cause for 
the cavity formation [115]. 
Development of cavities is explained on basis, of non uniform energy deposition on the 
irradiated metal surface indicating the nanoscale material relocation to the adjacent sites. 
Formation of cavities in different ambient environments is discussed by various research groups 
[95, 116]. Spatial nonuniformty of laser energy on the metal surface will melt the surface at 
localized nano/mico scale sites. It generates sharp temperature gradient that can expel the liquid, 
around the periphery of ablated region. This phenomenon causes the generation of cavities and 
pores due to fast freezing of expelled melted material at the edges of ablated region [71]. Viau et 
al. [116] structured the surface of Al after nanosecond laser ablation in liquid ethanol 
environment. They observed the generation of Al nano-particles and cavities after laser 
irradiation. They related the formation of cavities with the enhanced dissolution of hydrogen in 
Al after its melting and eventual release during resolidification.  
1.10.1.5   Laser-induced grains  
Grains are defined as an individual crystal, of polycrystalline metal. The grain formation can also 
be observed on the target surface after laser irradiation. Laser induced grain formation on the 
surface of laser irradiated targets has been verified by many research groups [117-118].The basic 
mechanism responsible for the formation of granular morphology is recrystallization after laser 
irradiation. The high rate of heating and cooling results in tremendous temperature and pressure 
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gradients and causes the generation of residual stresses in the surface layers [119]. The localized 
heating and cooling results in preferential crystallization and grain-like features [119]. 
Mahmood et al. [120] presented the formation of grain like features on the nanosecond laser 
irradiated Ti surface in nitrogen environment. They concluded from their research work that 
grain size increases with the increase of number of pulses from 100 to 400. They also observed 
that the surface hardness increases but yield strength and ultimate tensile strength of irradiated Ti 
diminishes with the increase of laser pulses. Tarasenko et al. [119] studied the formation of 
grains on the laser irradiated surface of S.S . They considered the 1D dynamic heat conduction 
including two phase transitions i.e. melting and evaporation. They inferred from their results that 
the orientation of grains can be controlled by selecting the target and heating conditions. 
1.11 Crystallographic and structural modification of materials by laser 
ablation 
Nanosecond and femtosecond laser irradiation modifies the structural properties of the irradiated 
target material. There are various kind of structural deformations, e.g. variation in crystallinity, 
residual stresses, defect generation, formation of new compounds after laser irradiation, etc 
[121]. The imperfection of crystallographic structure or lattice defects are also generated after 
laser ablation and are directly related to the residual stresses (compressive & tensile) on the 
target surface and gaseous ion diffusion. The compressive stresses are related to the diffusion 
phenomenon whereas tensile stresses are attributed to  laser-induced thermal shocks [122]. 
Various research groups have studied the structural modifications on the irradiated target surface 
by using XRD technique [123-124] 
Yue et al. [125] investigated the effect of  Excimer laser irradiation on the surface of S.S-316, in  
air and nitrogen ambient environments. Variation in microstructure, phases and compositional 
changes after laser irradiation were characterized by using XRD, XPS. Their results show that 
surface melting on the irradiated target surface can eliminate the carbide and second phases and 
is also used for homogenizing the microstructure.  
Mudry et al. [126] explores the variation in the structural and mechanical properties of 
nanosecond laser irradiated amorphous metallic alloy (Fe–(Ni, Co, Mn)–Mo–Si–B). From their 
experimental results they concluded that the amorphous structures transformed to crystalline 
structure after laser irradiation. The phase change due to the motion of centers of nucleation of 
the irradiated crystals was also obtained due to the presence of residual stresses. 
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Chapter 2  
Literature Survey 
Enhancement of the surface properties plays a significant role for optimizing the material 
performance for a given set of applications. The cosmetic appearance of the surface and its 
absorption property can be controlled by changing its texture [97] and through insertion of 
chemical impurities, in the surface [127]. The surface, structural and mechanical properties can 
be enhanced by altering the surface chemistry, crystal structure and morphology [128-129]. One 
can also consider the adhesive, frictional, and wetting forces acting on material interface and are 
strongly influenced by size and shape of micro/nano scale features present on the irradiated 
surface [99]. The micro/nano structured surfaces are critical factor for the development of new 
material structures in engineering. Micro/nano structuring is influenced by various factors, like 
laser pulse duration (nanosecond or femtosecond), fluence, ambient environment etc. The major 
issue is that how precisely a large amount of energy is deposited into the material over short 
(nanosecond) and ultrashort (femtosecond) time scale and in spatially confined region near the 
irradiated target surface. This permits the control on the local surface properties, relative to bulk 
and other regions on the surface. Perhaps more crucial is the effect of incident laser energy, 
interaction time scale and the laser parameters that can change the material responses and can 
vary the span multiple length scales from the atomic to macro/nano scales. 
Micro/nano structuring in some specific ambient (non-reactive & reactive) environment plays a 
significant role and leads to the formation of various kind of surface features. In non-reactive 
environment no chemical reaction takes place while in case of reactive environment (e.g., 
reactive gases and liquids) chemical reactions along with some shielding effects are observed 
[93]. 
LIPSS formation on nano & femto second laser irradiated surfaces has been of interest for all 
kind of materials, for last four decades. They consist of wavy surfaces with periodicity smaller, 
equal or greater than the wavelength of incoming radiation. Unfortunately, growth and 
transitions of ripples and the physical mechanisms explaining ripple instigation is still not fully 
understood. However, the models based on the laser parameters that are explaining ripple 
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instigation and growth, depending on the angle of incidence and the wavelength, are often 
discussed in literature[130].  
Masahiro et al. [131] observed the formation of grain like microstructures on the nanosecond and 
femtosecond laser irradiated S.S. After femtosecond laser irradiation, the formation of grain 
boundary was not distinct. While after the nano second laser irradiation formation of grain 
boundary was observed while the shape of grains was similar. 
The nanosecond laser irradiated microstructural and morphological changes on the surface of 
silver samples in an ambient environment of vacuum (10
-6
 Torr) and air were reported by Latif et 
al. [123]. SEM analysis reveals exfoliational and hydrodynamical sputtering, ripples and craters 
amongst the ablation mechanisms. XRD measurements revealed no disturbance in the inter-
planar spacing but a considerable variation in the grain size and in the diffracted X-rays 
intensities was observed. 
Micro-structuring of Cu, brass, Al and S.S after Excimer laser (248 nm, 20 ns, 1 Hz) ablation has 
been discussed by Henari et al. [132]. After micro-structuring the increase in surface area and 
roughness of the samples were observed. However, different materials show different structures. 
Mostly the medical implants that are utilized in oral and orthopeadic surgery are produced from 
Ti. The biological behavior of these medical implants i.e., osseointegration, basically depends on 
chemical composition and surface morphology of irradiated material. Bareznai et al. [133] 
investigated the modification of Ti surface after excimer laser irradiation, in order to improve the 
surface characteristics so as to facilitate biointegration.  
Surface modification of Ti implant in controllable gaseous atmospheres (air, N2, O2 and He ) 
using TEA CO2 laser for various fluences, was investigated by Cignovic et al. [134]. Depending 
on the ambient environment different changes in surface morphology and surface structuring 
were observed in the implant surface.  
Tertica et al. [86] studied the surface structuring of Ti after  nanosecond laser irradiation for 
different laser energies and wavelengths. From their results they studied that the absorbed energy 
from the Nd:YAG laser beam is partly converted to thermal energy that causes a series of effects 
like melting, vaporization of molten material, shock waves, etc. The laser wavelengths and the 
corresponding laser energy densities efficiently enhance the surface roughness that improves bio-
integration of irradiated Ti surface. 
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Baburaj et al. [135] studied the enhancement in adhesive bond strength of Ti after nanosecond 
laser irradiation. Due to enhancement in bond strength, the joints failure moves away from 
interfaces to the bulk of adhesive layer, telling that the strength-limiting factor, is epoxy strength. 
Scanning electron microscopy and profilometry were used to study the interaction of single-pulse 
Nd:YAG (λ=1.064 mm) laser radiation with Ti target surfaces [94]. The formation of LIPSS and 
redeposition at boundary of ablated region due to presence of ambient gas was observed. 
Formation of grains on the surface of several pure metals (Cu, Ti) and alloys like on pure 
superplastic alloys (Al-4%Cu-O.S%Zr, Zn-22%Al and Pb-62%Sn) was investigated [136]. The 
structural characterization results correlate the mechanical properties with ambient temperature 
and super plastic conditions.  
Copper vapor laser was used for the formation of large-scale periodic conical surface structures, 
on single crystal Si, Ge and polycrystalline Ti target surfaces.  These structures were observed 
for a fluence range of 1–2 Jcm-2 below the optical breakdown, in a wide pressure range of 
ambient environment from 1 to 10
5
 Pa. The XRD analysis also revealed the modification after 
irradiation on the surface of laser irradiated materials [137]. 
A dynamic interplay between the formation of microholes and microcones is studied by Pedraza 
et al. [138], using Excimer-248 nm laser at an angle of incidence (relative to the surface normal) 
8°–12°. These microstructures consist of an array of microholes surrounded by microcones. They 
were formed at the surface of silicon, irradiation in SF6-rich atmosphere. The laser-induced 
decomposition of SF6 caused the formation of fluorine, which is most likely responsible for the 
ablation process.  
Clark et al. [81] studied the formation of LIPSS on the surface of Ge and Al after irradiation with 
KrF (249 nm) Excimer laser. They investigated the dependence of the LIPPS on incident laser 
fluence, polarization and the incident angle of laser light. For high fluence the surface melts 
uniformly and for low fluence values the localized melting of the surface is dominant. In case of 
P-polarized light two dominant patterns were observed one perpendicular to the polarization and 
other parallel to it. While for S-polarized light two new patterns were revealed one parallel and 
the other perpendicular to the polarization angle. 
Material characterization, in terms of surface morphology, microstructure and phase 
transformation, of AA2050-T8 (Al–Cu–Li) has been studied by using KrF Excimer laser 
irradiation [139]. The potential of laser surface melting (LSM), as a pre-treatment process to 
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conventional anodizing, has been evaluated. The enhanced corrosion revealed, distinct 
improvement, in the performance of combined laser and anodising treatments. 
Micro scale LIPSS were observed on the surface of Al after irradiation with a series of KrF laser 
pulse [106]. The formation of LIPSS was explained on the basis of KH-instability that arose at 
the interface between the molten Al and plasma plume.  
Bandoki et al. [104] studied the formation of nano and micro scale ripples after femtosecond 
laser irradiation on molding S.S surface. During their experiment along with the formation of 
ripples they observed the presence of pores and splashes with different formation threshold 
fluences. It was observed during their experiment that the threshold fluence for nano-scale 
structures is lower than the micro scale ripples.  
The growth of nanoscale periodic and dot-like structures on the femtosecond laser irradiated S.S, 
in dry (air) and liquid confined (deionized water and ethanol) environments was investigated 
[140]. The growth and dependence of structures on the ambient environment and laser fluence, in 
central and peripheral ablated areas was systematically investigated. The development of 
nanostructures and nanoripples was correlated with structural analysis carried out by micro 
Raman spectroscopy. 
Detailed studies on the ablation of metalic targets (Ti, Cu, niobium & S.S) along with calculation 
of ablation threshold and incubation coefficient, in air with femtosecond laser pulses are reported 
by Mannion et al. [141]. They studied the phenomenon of gentle (nanoripples) and strong 
ablation (microstructures) after ablation on the irradiated metals. They also gives a correlation 
between the damage morphologies and relevant material removal mechanisms. 
Trtica et al. [142] irradiated Ti surface using high intensity Ti:sapphire laser under vacuum 
condition. They observed the formation of LIPSS, craters on the surface and plasma formation in 
front of target. They concluded from their research work that laser intensities can effectively be 
utilized for micromaching of Ti surface i.e., for increasing surface roughness and formation of 
parallel periodic surface structures etc. 
Tsukamoto et al. [143] studied the surface structuring of Ti, to improve its surface characteristics  
to facilitate bio-integration, after irradiation with femtosecond laser for various fluences. They 
observed ripples oriented in the direction parallel and perpendicular to laser electric polarization 
field vector [144]. 
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LIPSS formation on the surface of metallic alloys, after multiple linearly polarized femtosecond 
laser pulses in air was investigated [145]. With the increase in the number of pulses three kind of 
ripples i.e., nano-ripples, classical ripples and modulation ripples having period close to the half 
of classical ripples have been generated.  
The effect of laser parameters like fluence, number of pulses and gaseous environments, on 
micro/nano structuring on the surface of various metals (Ti, Al, Cu & S.S) have been observed 
after femtosecond laser irradiation [146]. It was also demonstrated that the reflectivity of metals 
can be controlled from their original value to very low (near zero) value, by choosing suitable 
experimental conditions.  
Hashida et al. [63] studied the formation of self-organized grating structures on the surface of 
Mo and Ti, after irradiation with femtosecond laser pulses surfaces at wavelengths of 800 and 
400 nm. They observed self organized grating structures on the metals irradiated with 400 nm 
laser pulses. The interspaces of the grating structures was dependent on the laser wavelength and 
fluence. They found the dependence of grating interspaces on laser fluence and explained by a 
formula of surface plasma waves through parametric decay of laser light. 
Oliveira et al. [147] studied the formation of LIPSS and micro-columns on the surface of Ti for 
various laser fluence (0.5 to 2 Jcm
-2
) in air. Formation of micro-columns was observed on the Ti 
surface after irradiation with femtosecond laser pulses in stationary and non-stationary regimes. 
From their research work they concluded that ripples convert into microcolomns as they are 
subjected to fluences near the melting threshold of Ti.  
Regular array of sharp nano textured conical microstructures, on Ti surface using a femtosecond 
(λ=800 nanometer, pulse duration=130 femtosecond) pulsed laser, in non-reactive (vacuum and 
He) and reactive (SF6, air or HCl) ambient environments have been reported by Nayak et al. 
[29]. In non reactive environment, the observed microstructures were of height up to 25 μm and 
their height reduces to 500 nm at the tip. However in case of reactive environment no sharp 
conical microstructures were observed.  
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Chapter 3  
Experimental Details 
The first part of this chapter describes the details of sample preparation used in laser ablation 
experiments. The second part deals with the description of both nanosecond (Excimer) and 
femtosecond (Ti-Saphire) laser systems used in experiments. The third part, deals with the 
experimental setup used to expose targets under various environments (vacuum, argon and 
oxygen in case of nanosecond laser ablation, vacuum and O2 in case of femtosecond laser 
ablation) for various laser fluences. In the fourth part of this chapter a brief description of 
different characterization techniques has been given. The aim of this project is to establish a 
correlation between the mirco/ nano structuring with the crystallographic alterations of the 
material, after nanosecond and femtosecond laser irradiation. For this purpose, the surface and 
structural characterization of laser irradiated targets for various fluences in non-reactive and 
reactive environments has been performed. Various features of treated targets like surface 
morphology, chemical composition and crystalline structure were analyzed by Scanning Electron 
Microscope (SEM-JEOL JSM-6480 LV), Atomic Force Microscopy (AFM-SPM), Energy 
Dispersive X-ray Spectroscopy (EDS-S3700N) and X-ray Diffraction (XRD- X’Pert PRO-MPD) 
techniques, respectively.  
3.1 Sample preparation 
The surface of the target to be exposed to laser pulses must be clean, scratch free and polished 
before irradiation. The size of the sample should be suitable, to be easily handled during 
polishing and irradiation under vacuum and various ambient environments. Three metallic 
targets i.e. S.S, Ti and Al were selected for the purpose of irradiation. They were cut by using a 
low speed diamond cutter. The dimensions of these targets were as follows: S.S (10 mm × 4 mm 
× 5mm), Ti (20 mm × 15 mm × 3 mm) and Al (10 mm × 10 mm × 2 mm). After cutting, samples 
were first grinded by using mechanical polisher using silicon carbide papers of different grit 
numbers (240, 600, 1200, 2000, 4000). In the grinding process the sample surfaces were cooled 
through continuous flow of water to reduce the increased temperature effects and to wash away 
the eroded particles from the sample surfaces. In the second step of polishing the sample surfaces 
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were made scratch free by using diamond paste (1µm). Finally the polished samples were 
ultrasonically cleaned with acetone for 30 minutes.  
3.2 Nanosecond laser system  
Excimer lasers are one of the most popular and commonly used laser systems for material 
processing. As compared to other nanosecond lasers the Excimer lasers are well absorbed into 
metals, biological matters and organic compounds. These lasers are also preferred due to shorter 
wavelength (in UV region) and give enough energy for direct bond breaking and less thermal 
effects. Excimer lasers can remove fine layer from the target surface without changing the bulk 
properties of the target material. Due to these properties the Excimer lasers are highly useful and 
important tool for surface texturing and micromachining. Therefore KrF Excimer laser (EX 
GAM USA 200) with the central wavelength of 248 nm, pulse duration of 20 ns, pulse energy 
ranging from 70 to 150 mJ and a repetition rate of 20 Hz was employed in the present case. 
The word Excimer “short form of excited dimer”, is the chemical gain medium of laser. In 
Excimer lasers, a class of molecules is formed due to the combination of two identical 
constituents in an excited state. The name excimer is actually a misnomer of exciplexes i.e. 
excited complexes of rare gas monohalides rather than excited dimmers that form the active laser 
medium. The exciplexes exist only in the excited state with some stability. The exciplexes (rare-
gas halide) are formed between the rare gasses (Ar, Kr, or Xe) and the halides (F or Cl). The 
most important and well known lasing species are ArF, KrF, XeCl and XeF. The laser gas 
mixture of exciplexes consists of a 0.05% to 0.5% halogen component, for halogen excimer 
lasers, 3% to 10% inert gas component and the buffer gas component (helium or neon) at 
pressure of 1.5 × 10
5 
Pa to 6 × 10
5
 Pa [148-149].  Excimers are diatomic molecule that are bound 
in their electronically excited upper states, but are repulsive or only weakly bound in their lower 
ground states. Because of unstable ground state the excimer lasers, belong to category of four-
level lasers. High efficiency, short spontaneous laser transition lifetime, large bandwidth, shorter 
wavelength and small stimulated emission cross-section, made it suitable candidate for laser 
ablation [148-149]. The excitation rate competes with fast loss processes, collisions and 
spontaneous decay leads to the deactivation of excited (KrF)* molecule with a combined time 
constant of a few nanosecond. So the pump power densities exceeding 1MW/cm
3 
are necessary 
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for the excitation of excimer lasers that can only be reached in the pulsed systems. Excimer 
lasers are therefore, inherently limited to pulsed mode of operation [148-149].  
For lasing action of Excimer lasers excitation of  KrF gas is achieved through high-voltage 
discharge. It is offered through a high voltage discharge circuit. That consists of high voltage 
power supply module, thyratron, peaking capacitors, Nova tube, charge storage capacitors and 
electrodes (figure 3.1). The Excimer lasers are generally operated in two modes i.e. constant high 
voltage mode and the constant energy mode. In the present case the constant energy mode has 
been utilized, where the voltage was varied from (11KV to 16KV). The output energy of the 
laser beam corresponding to theses various voltages was measured by using an energy meter 
(Ophir-Spiricon, llc,USA). 
 
 
Figure 3.1: The KrF  Excimer laser system with main components high voltage circuit, thyratron, 
laser cavity and the cooling circuit that has been employed as source of nanosecond laser 
ablation. 
 
3.3 Specific experimental details using nanosecond (Excimer) laser system 
Polished and ultrasonically cleaned samples were placed on the target holder inside the vacuum 
chamber, for performing ablation experiments. The chamber was made up of stainless steel and 
was evacuated to a residual base pressure of about 10
-3
 mbar with the help of a rotary pump. The 
pressure inside the chamber was measured by a mercury manometer as well as with a precise 
mechanical guage. KrF Excimer laser (EX GAM USA 200) with the central wavelength of 248 
 
Thyratron 
Laser cavity 
43 
 
nm, pulse duration of 20 ns, rectangular beam size of 11 mm × 7 mm and a repetition rate of 20 
Hz was employed to perform the ablation experiments. The beam after focusing through a lens of 
focal length 50 cm was hitting the target at an angle of 90º with respect to its surface. All 
experiments were performed with 100 pulses of Excimer laser in all ambient environments. 
Three set of experiments were performed: 
1. The targets of S.S were exposed for five various laser fluences of 0.72, 0.86, 1, 1.13 and 
1.27 J cm
−2
 corresponding to laser pulsed energies of 80, 95, 110, 125 and 140 mJ, respectively.  
The focused beam spot size was about 0.11 cm
2
. The experiments were performed under three 
environmental conditions:  i.e.
 
(i) under vacuum (10
-3
 mbar), (ii) in Argon (Ar) at a filling 
pressure of 133 mbar and (iii) in Oxygen (O2) at a filling pressure of 133 mbar.  
2. The Ti targets were exposed for four various laser fluences of 0.86, 1, 1.13 and 1.27 J cm−2 
under the same experimental conditions as employed for S.S experiment.  
3.  The third set of experiment was repeated with Al. The targets of Al were exposed exactly 
under the same experimental conditions as employed for Ti and S.S. 
The experiments on Ti and Al metals were performed for same parameters as for S.S but after 
refilling of KrF gas in the Excimer lasers, the first fluence value cann’t be achieved.  
The schemetic and photographic view of the experimental setup used for all the experiments is 
shown in the figure 3.2 and 3.3, respectively. 
 
 
Vacuum 
chamber 
View window 
Figure 3.2: The schematic of experimental setup used for both 
nanosecond and femtosecond laser ablation of metals. 
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Figure 3.3: The photographic view of experimental setup used for nanosecond laser ablation of 
metals. 
 
3.4 Femtosecond laser ablation system  
The laser system that has been employed as source of femtosecond laser ablation is Chirped 
Pulse Amplification (CPA) Ti: sapphire femtosecond multi-pass amplifier system 
(FEMTOPOWER 
TM 
COMPACT Pro
TM
, Vienna, Austria). It delivers ultra short laser pulses 
with a central wavelength of 800 nm, pulse duration of 30 femtosecond, repetition rate of 1KHz, 
and maximum energy of Emax ≈1mJ. Ti: sapphire femtosecond laser system basically consists of 
three parts i.e. oscillator, amplifier and compressor. The basic layout of these three parts is 
presented in figures 3.3.  
3.4.1 Oscillator  
Oscillator is the basic component for the generation of ultrashort pulses. For this purpose the 
Chirped Pulse Amplification (CPA) technique was utilized. Ti: Sapphire oscillator was used for 
Focusing 
Lense 
View Window Excimer laser 
system 
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the production of seed beam, pumped by a frequency doubled Neodymium Yttrium Vanadium 
Oxide (Nd:YVO4-522 nm) laser. It delivers sub 20 femtosecond pulses, having energy nearly 
about hundreds of nJ, output power greater than 800 mW, repetition rate about 75MHz and 
spectral width more than 100 nm. Femtosecond laser pulses are stretched to duration of 
picoseconds by using a small amount of dispersion initiated by a 10 cm long block of heavy 
flint-glass (SF57). It is basically a Kerr lens, mode locked TEMoo laser. Verdi 
TM
 Diode –laser 
(λ=809 nm) is used to pump the oscillator. It consists of a 2.5-mm long Brewster-cut Ti: sapphire 
crystal, two retro reflectors and two curved mirrors. A broad band pulse train from the oscillator 
is seeded to the multipass amplifier part.  
3.4.2 Amplifier  
The amplifier part basically has a highly doped, Ti: sapphire crystal that is thermo electrically 
cooled down to -15 C
o
 and is placed in a vacuum chamber to reduce the effect of thermal 
lensing. Two chirped mirrors particularly designed for providing third- and fourth-order 
dispersion control are used as one of the retro reflectors. The pulse moves nine times along 
slightly diverse pathways through the gain medium of amplifier. A pockel cell is used to select 
out a single pulse of mJ energy out of the pulse train after four passes through the crystal. In the 
other five passes, the selected single pulse is re-injected for amplification.  
3.4.3 Compressor  
To attain the ultrashort pulses, a pulse compression technique is used. Two pairs of prisms are 
used for dispersion compensation. The laser pulse becomes stretched after moving inside the 
laser cavity each time through the optical components. Inside the cavity a prism compressor is 
designed to exactly compensate the inter-cavity dispersion. By moving prism in and out, the 
alignment of ultrashort pulses is attained. Spectral width of 40 nm and pulse duration of 30 
femtosecond is measured by Ocean Optics (V2000 plus USA) spectrometer. The prism will 
introduce dispersion if it is moved from its optimum position. The negative and positive 
dispersion can be introduced by moving the prism in and out respectively. The energy variation 
of femtosecond laser pulses was controlled by an approptiate adjustment of polarizer and was 
measured with the help of energy meter (Coherent 210). The pulse width of the laser beam was 
measured by using autocorrelator. 
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3.5 Specific experimental details using femtosecond (Ti-Sapphire) laser 
system 
A Chirped Pulse Amplification (CPA) Ti: sapphire laser amplifier seeded from a mode locked 
Ti: Sapphire oscillator (FEMTOPOWER 
TM 
COMPACT Pro
TM
, Vienna, Austria) was used for 
the ablation of metallic targets.  The system was operating at central wavelength of about 800 
nm, repetition rate of 1 KHz with pulse duration of about 30 fs. The beam was focused through a 
lens of focal length 20 cm. Three set of experiments were performed:  
1- Polished targets of S.S were placed inside the vacuum chamber that was evacuated to a 
base pressure of the order of 10
-3
 mbar. The experiment was performed in two steps. 
(i). Exposure of targets by a single laser pulse for various energies of 20, 30, 40, 50, 60, 
70, 80, 130, 180 and 230 µJ corresponding to the fluences 0.38, 0.57, 0.86, 1, 1.13, 1.27, 
Figure 3.4: The Ti: Sapphire laser system, illustrating the oscillator, 
amplifier and compressor part that has been employed as source of 
femtosecond laser ablation. 
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Amplifier  
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1.52, 2.47, 3.42 and 4.37 Jcm
-2 
in the ambient environment of vacuum and O2 
environment, at a pressure of 133 mbar. 
The results obtained from this set of experiments were mainly utilized to determine the single 
pulse ablation threshold fluence and to estimate the incubation coefficient of S.S. The ablation 
threshold was evaluated by plotting squared spot diameter (D
2
) (obtained by SEM micrographs) 
versus the logarithm of the laser pulse energy. From the slope of this graph, the spot size comes 
out to be 58 µm. Whereas, the extrapolation of this graph to zero provides the value of threshold 
Energy. 
(ii). Exposure of targets to 100 laser pulses in a fluence regime from 0.86 to 4.37 J cm
-2 
in the 
ambient environment of vacuum (10
-3
 mbar) and O2, at a pressure of 133 mbar.  
Results obtained by second set of experiments have been presented.  
2- The Ti targets were exposed exactly under the same experimental conditions as have 
been employed for S.S ablation experiments. 
3- The Al targets were exposed exactly under the same experimental conditions as have 
been employed for S.S and Ti ablation experiments. 
 
 
 
 
 
Figure 3.5: The photographic view of experimental setup used for femtosecond laser 
ablation. 
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3.6 Characterization techniques  
This part of experimental setup describes various techniques which has been utilized for 
characterization of laser ablated targets. Surface morphology and topography of the laser 
irradiated targets were investigated by using SEM (JEOL JSM-6480 LV), while SEM (FEI-
QUANTA 200F, Netherlands) was utilized in Vienna. The AFM (Shimadzu AFM-9500 J) at 
CASP and AFM (Veco CPII) at PCSIR was utilized for topographical imaging. Chemical 
analysis was done by using EDS (S3700N) at PCSIR, Lahore Pakistan and EDS (FEI-QUANTA 
200F, Netherlands) at Vienna. XRD analysis was performed to determine the crystallographic 
structures, dislocation densities and residual strains using X’Pert PRO (MPD) at Pakistan and 
Vienna as well.  
3.6.1 Scanning Electron Microscope (SEM) 
SEM is an important characterization tool that gives information about the sample surface, such 
as topography and morphology (features, texture, shape and size of structures).  
The motivation and aim of using this technique for present work is to study the morphological 
evaluation of nanosecond and femtosecond laser irradiated targets under various ambient 
environments.  In response to the deposited laser energies on metals under different ambient 
conditions micro/nano structures i.e. micro/nano LIPSS, conical structures, cavities, exfoliates 
and grains are revealed on the surface of metallic targets using SEM analysis.  
The SEM analysis of irradiated targets was carried out at different magnifications by using 
accelerating voltage of 20KV under ultra high vacuum conditions. Different areas of ablated 
regions were scanned from the centers and peripheries by using SEM analysis. 
3.6.2 Energy-Dispersive X-ray Spectroscopy (EDS) 
EDS, is a characterization tool used for the elemental or chemical compositional analysis. SEM 
is primarily designed, for producing electron images but it can also be used for elemental 
mapping and point analysis by adding X-ray spectrometer. There is a considerable overlap in the 
function, of these instruments. So it is concluded that EDS can work only in conjuction with 
SEM. EDS, analysis uses X-ray spectrum emitted from the specimen that is bombarded with a 
focused beam of electrons, to get a localized chemical analysis. All the elements from atomic 
number 4 (Be) to 92 (U) can be perceived using this diagnostic technique. The fundamental 
principle of EDS i.e; each element has a unique atomic structure having a unique set of peaks on 
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its X-ray spectrum. That makes it suitable for quantitative analysis of elements in the compound 
material [150]. 
During present experimental work the point analysis chemical analysis of unirradiated and laser 
irradiated targets was perceived using EDS in conjunction with SEM under ultra high vacuum 
conditions. 
3.6.3 Atomic Force Microscopy (AFM)  
Atomic force microscopy (AFM) characterization technique has been utilized, for the 
topographical surface imaging of laser irradiated targets. The aim of using this characterization 
technique is to study the variations in surface morphology after laser irradiation for various laser 
fluences and under various ambient environments. The motivation behind utilizing this technique 
is to correlate the surface topography with SEM images. The major advantage of utilizing AFM 
is its 3D imaging with cross-sectional and precise profiles for the exact measurement of depth, 
height or area of grown features. It is also useful for all kind of insulating and conducting 
materials. It is user friendly as it did not need UHV. Nanoscale structures can be resolved very 
efficiently by using AFM, due to smaller diameter of tip (≈ 10 nm). AFM in contact mode was 
employed for surface topographical analysis. 
For scanning the sample surface a sharp tip of SiC is rastered over the sample surface. The tip is 
located at free end of a reflective cantilever as shown in figure 3.6 on the top of cantilever, a 
diode laser is focused.  
 
 
Figure 3.6: The schematic representing the working principle of AFM. 
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As the tip moves on the sample surface the forces between the tip and sample cause the 
cantilever to bend or deflect. The photodetector detects the variation in the light intensities of the 
lower and upper photodiodes and converts it to voltage signal. The constant height or force mode 
is selected through the feedback signal of photodiode that is computer controlled.  
3.6.4 X-Ray Diffraction (XRD) 
X-ray diffraction (XRD) is a versatile and non-destructive diagnostic technique, used for 
crystallographic and compositional analysis. The XRD pattern is unique for each crystalline 
substance, constitutes a fingerprint that can be employed for the explicit identification of the 
materials under consideration. The specimen under consideration can be a single crystal or a 
mixture of phases. The samples are exposed with monochromatic X-rays at different angular 
positions. The X-rays reflected from the sample surface interfere constructively, if the Bragg’s 
law is fulfilled (see Eq. 3.1) [151].  
As the wavelength of X-rays is comparable with the inter-planar spacing of most crystalline 
materials, that’s why they are preferred than the ordinary (visible) light. It is related to the fact 
that interference will be constructive if < 2d, where d is the inter planer spacing and value of d 
is too small for using the visible light. XRD is used to characterize the samples which have 
Bragg-Brentano configuration [151].  
In present case, XRD analysis was performed to determine the crystallographic structure using 
X’Pert PRO (MPD) X-ray diffractometer. It was operated at a voltage of 40 KV and a current of 
40 mA, with Kα radiation source (λ = 1.54 Å) in the ambient environment of air at room 
temperature. 
XRD patterns provide information about crystallinity, residual strain (stresses), defect 
generation, formation of new compounds of laser irradiated targets. 
3.6.4.1 Crystallite size 
The crystallite size of any plane after laser irradiation can be determined by using Debye 
Scherrer formula [151]. 
                                    3.2 
Where D, λ, FWHM, and θ are crystallite size, wavelength of  X-rays (1.54 Å), full width at half 
maximum and Bragg’s diffraction angle respectively.  
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3.6.4.2 Dislocation density 
The imperfection of crystallographic structure or lattice defects is called dislocation. It occurs 
when the periodicity of atomic lattice array is interrupted due to some surface treatments, along 
certain directions in the crystal. Dislocations may be generated in the metallic targets due to 
point defect aggregation during laser irradiation and an interface misfit-dislocation network. It 
can cause the  relieving of strains at irradiated targets. The dislocation line density is the number 
of dislocation lines that intersects a unit area in the crystal. The dislocation density (d) is the 
length of dislocation lines per unit volume of the crystal and has been calculated by using the 
following formula [152].   
Dislocation Density (          3.3 
Where   is dislocation line density and D is the crystallite size. 
3.6.4.3 Residual strains 
Strains are associated to a (residual) stress for example due to the coupling between grains or due 
to differential thermal expansion after laser irradiation or energy absorption. 
The strain is evaluated by using following relation [152]. 
                          3.4 
 
 
 
 
 
 
52 
 
Chapter 4  
Results and Discussions 
This chapter consists of two parts: the first part illustrates the experimental results evaluated after 
nanosecond laser irradiation of different metallic targets (S.S, Ti, and Al), in different ambient 
environments i.e., under vacuum, in Ar and O2 environment at a pressure of 133 mbar. Whereas 
in second part of this chapter the experimental results of femtosecond laser irradiated metallic 
targets (S.S, Ti, and Al), in the ambient environments of vacuum and O2 are presented. The main 
aim of presented work is to study the effect of ambient environment and laser fluence on the 
surface topography and structural changes of metals after laser irradiation. The surface 
morphological results are corremlated, with the crystallographic and chemical changes of the 
targets after irradiation in various ambient environments for multiple (100) pulse irradiation. 
Part (a) Ablation mechanisms in metals by employing nanosecond laser 
The first part of this dissertation is related with the study of ablation mechanisms in metals by 
employing nanosecond laser. 
4.1 Evaluation of fluence for nanosecond laser pulses 
For the evaluation of nanosecond laser fluence, a single pulse of Excimer laser having 
wavelength 248 nm was focused through a 50 cm focal length lens on the target surface to 
calculate the spot size, which was about 0.11 cm
2
.  
 
 
Energy (mJ) Fluence (Jcm
-2
) 
80
 
0.72 
95 0.86 
110 1 
125 1.13 
140 1.27 
 
 
 
Table 4.1: Various fluences used in experiments corresponding to various pulse energies of nanosecond 
laser beam. 
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The laser fluence on the target surface was calculated by using the following equation (4.1).  
   
      
    
 
 
 
   4.1 
Where E is the laser energy in mJ and is measured by using energy meter and A is area of the 
focused laser spot on the target surface measured in cm
2 
which is measured by SEM images. 
During the experimental work five fluences were utilized for irradiation of S.S and for remaining 
two experiments (Ti, Al) due to refilling of KrF gas, the lowest energy value of 80 mJ could not 
be achieved. Therefore pulse energies ranges from 95 to 140 mJ were employed. 
4.2 Ablation mechanisms in S.S by employing nanosecond laser in different 
ambient environments (vacuum, Ar & O2) 
4.2.1 SEM analysis 
Figure 4.1 (a) shows the SEM images of an unexposed surface of S.S. Figures 4.1 (b-f) reveal the 
surface of irradiated targets with 100 pulses of nanosecond laser at various fluences of (b) 0.72 
Jcm
-2
, (c) 0.86 Jcm
-2
, (d) 1 Jcm
-2
, (e) 1.13 Jcm
-2
 and (f) 1.27 Jcm
-2
 under vacuum condition. Well 
defined periodic surface structures called ripples are observed for all fluences. The value of 
periodicity of these structures varies from 35 μm to 100 μm with the variation of fluence from 
0.72 to 1.27 Jcm
-2
. The periodicity of observed ripples is much larger than the laser wavelength. 
This kind of surface structures appear when the laser fluence is above the damage threshold and 
the target is heated beyond the vapor phase and the wavy melt pool is formed on the surface of 
target after laser irradiation [106]. For molten S.S during re-solidification, the surface tension 
increases causing convective flow at the surface from hotter to cooler regions causing the 
formation of ripples with greater periodicity [153]. These ripples are formed due to interaction of 
incoming laser radiation and laser-induced surface plasmons. During laser-interaction a critical 
density of electrons may exist close to the sample surface. At normal incidence the laser electric 
field would excite oscillations parallel to the surface. Surface irregularity would lead to laser 
light being scattered tangentially to the surface, which can produce a standing wave pattern. The 
combined incident, reflected and diffracted waves can combine to give an electric field 
distribution capable of driving localized plasma oscillations. This results into an erosion of 
material to form valleys at the surface or a displacement of material to form ridges [107]. The 
formation of ripples is also explainable on the basis of the Kelvin–Helmholtz instability [106].  
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Figure 4.1: SEM images revealing the comparison of variation in surface morphology of S.S 
(a) before ablation (unirradiated) and after ablation by 100 pulses of nanosecond laser at 
wavelength of 248 nm, pulse duration of 20 nanosecond and repetition rate of 20 Hz for 
different fluences of  (b) 0.72 Jcm
-2
, (c) 0.86 Jcm
-2
, (d) 1 Jcm
-2
, (e) 1.13 Jcm
-2 
and (f) 1.27 
Jcm
-2
,
 
under vacuum (10
-3
 mbar) condition. 
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In the present case, molten S.S surface behaves as a fluid or water, and the expansion of high 
pressure plume can be considered as a source of wind. The micro-sized ripples are formed, when 
the laser-induced surface waves are splashed, re-solidified, frozen and are permanently imprinted 
on the ablated surface of the target material [106]. 
During laser ablation, if the temperature is sufficiently high to melt the surface completely then 
the molten surface flows in the form of fluid [107]. During re-condensation process the fluid is 
pulled down due to surface tension. However, the solid-liquid interface still retains the 
convoluted sinusoidal contour produced by the inhomogeneous deposition of energy at the 
surface. Thermal conduction causes the underneath cooling of the molten material. The 
solidification front proceeds upwards which retains the convoluted interface profile [107]. As the 
re-solidification front reaches the surface of the target, the front becomes restrained, thus 
effectively breaking the surface into isolated molten pools  [107].  
The inset of figure 1(d) is an enlarged view of a cavity having size approximately 5 µm formed 
at the central ablated region of exposed surface at a fluence of 1 Jcm
-2
. These cavities are formed 
inside the ripples and their formation is caused by the release of adsorbed gases beneath the 
surface due to volume boiling [115].  
Figures 4.2 (a-e) exhibit enlarged SEM images of figures 4.1 (b-f) at periphery of ablated regions 
at high magnification. Figure 4.2 (a) shows that three kinds of features, wave like ridges, hillocks 
and pores are observed after exposing the surface for a fluence of 0.72 Jcm
-2
. These features are 
formed due to energy deposition in the form of heat and incomplete melting of the surface during 
laser irradiation. Elastic rebound of the lattice and thermal expansion of the melted material 
pushed away from the surface is possible reason for such kind of extruded ridge-formation [154]. 
With the increase of fluence from 0.72 Jcm
-2
 up to 0.86 Jcm
-2 
(figure 4.2 b)
 
four kinds of features 
have appeared (i) wave like ridges, (ii) hillocks, (iii) pores and (iv) cones at the top of ridges. 
The height and the number of cones are increased with the further increase of fluence up to a 
value of 1.13 Jcm
-2
.
 
 Figure 4.2 (d) shows, an appearance of higher number of cones (8 number 
of cones/ 10 mm
2
 area) and protrusions with sharp contours and enhanced length. In figure 4.2 
(e), it has been displayed that the density of cones decreases from 8 number of cones/ 10 mm
2
 
area to 3 number of cones/10 mm
2
 area with increasing fluence from 1.13 Jcm
-2
 to 1.27 Jcm
-2
. 
Clean and polished surface vaporization resistant impurities are responsible for the cone 
formation and their direction is forward-peaked towards the incoming laser radiation [155].  
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Figures 4.3 (a-e) show SEM images of irradiated targets in Ar at a pressure of 133 mbar for 
various laser fluences of (a) 0.72 Jcm
-2
, (b) 0.86 Jcm
-2
, (c) 1 Jcm
-2
, (d) 1.13 Jcm
-2
 and (e) 1.27 
Jcm
-2
 with 100 pulses of nanosecond laser.  
Figure 4.2: Enlarged SEM images of figures 4.1 (b-f) at the periphery of ablated regions revealing 
the variation in surface morphology of S.S after ablation by 100 pulses of nanosecond laser at 
wavelength of 248 nm, pulse duration of 20 nanosecond and repetition rate of 20 Hz for different 
fluences of  (a) 0.72 Jcm
-2
, (b) 0.86 Jcm
-2
, (c) 1 Jcm
-2
, (d) 1.13 Jcm
-2
 and (e) 1.27 Jcm
-2
, 
 
under 
vacuum (10
-3
 mbar) condition. 
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Well defined LIPSS are observed for all fluences. These structures are similar to that as observed 
under vacuum condition (figures 4.1 (b-f)). However these ripples are less prominent as 
Figure 4.3: SEM images revealing the comparison of variation in surface morphology of S.S 
after ablation by 100 pulses of nanosecond laser at wavelength of 248 nm, pulse duration of 20 
nanosecond and repetition rate of 20Hz for different fluences of (a) 0.72 Jcm
-2
, (b) 0.86 Jcm
-2
, 
(c) 1 Jcm
-2
, (d) 1.13 Jcm
-2
 and (e) 1.27 Jcm
-2
,
 
at 133 mbar pressure of Ar. 
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compared to vacuum condition. The inset of figure 4.3 (c) shows the cavity formation inside the 
ripples with an average size of 2.3 μm at a fluence of 1 Jcm-2 is illustrated in this figure. 
The enlarged SEM views of Figures 4.3 (a-e) at the periphery of ablated region in Ar at higher 
magnification are exhibited in the Figures 4.4 (a-e). When a nanosecond laser pulse melts a thin 
surface layer of a metal, the surface tension tends to reduce regions of high curvature (roughness) 
and the resulting oscillations are damped by viscosity. Melting of S.S surface by nanosecond 
laser pulses at low fluence (0.72 Jcm
-2
) lead to the development of surface topography, 
characterized by droplets, fragments and ridges formation as shown in figure 4.4 (a). 
This kind of topography is attributable to a hydrodynamic response to phase change that is 
occurring at the target surface after laser irradiation. The size of these droplets increases with 
increasing fluence up to a value of 1 Jcm
-2
 due to enhanced absorption of energy [20] as 
represented by figures 4.4 (b, c). Further increase of fluence causes cone-formation in addition to 
ridges and droplet-formation as can be observed from figures 4.4 (d, e).  
Figures 4.5 (a – e) represent the SEM images of S.S after exposing its surface to 100 pulses of  
nanosecond laser for various fluences of (a) 0.72 Jcm
-2
, (b) 0.86 Jcm
-2
, (c) 1 Jcm
-2
, (d) 1.13 Jcm
-2
 
and (e) 1.27 Jcm
-2
, at 133 mbar pressure of O2. For lowest fluence of 0.72 Jcm
-2
 (figure 4.5 a) the 
ripple structures are more diffusive with less clarity. The increased fluence ranging from 0.86 to 
1 Jcm
-2 
revealed in
 
figures 4.5 (b-c), causes the appearance of periodic surface structures with 
more pronounced clarity. Whereas with the further increase of  fluence from 1.13 Jcm
-2 
to
 
1.27 
Jcm
-2  
ripples becomes less distinct as shown in figures 4.5 (d-e) [156]. Inset of figure 4.5 (c) 
shows the SEM micrograph from the centre of the ablated region at higher magnification. This 
figure illustrates the appearance of cavities but with smaller size (1μm) as compared to the 
cavities formed under vacuum and Ar at a fluence of 1 Jcm
-2 
(figure 4.1 d). This decrease in the 
cavity size is caused by the debris formation around the cavity by re-condensation of evaporated 
material due to shielding effect of reactive O2 gas  [155]. 
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Figure 4.4: Enlarged SEM images of figures 4.3 (a-e) at the periphery of ablated region 
revealing the variation in surface morphology of S.S after ablation by 100 pulses of 
nanosecond laser at different fluences of (a) 0.72 Jcm
-2
, (b) 0.86 Jcm
-2
, (c) 1 Jcm
-2
, (d) 1.13 
Jcm
-2
 and (e) 1.27 Jcm
-2
, at 133 mbar pressure of Ar. 
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Figure 4.5: SEM images revealing the comparison of variation in surface morphology of S.S 
after ablation by 100 pulses of nanosecond laser at wavelength of 248nm, pulse duration of 
20 nanosecond and repetition rate of 20Hz for different fluences of (a) 0.72 Jcm
-2
, (b) 0.86 
Jcm
-2
, (c) 1 Jcm
-2
, (d) 1.13 Jcm
-2
 and (e) 1.27 Jcm
-2
,
 
at 133 mbar pressure of O2. 
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Figures 4.6 (a-e) exhibit, the enlarged SEM views of figures 4.5 (a-e) at periphery of ablated 
regions at higher magnification. At lowest fluence of 0.72 Jcm
-2
 (figure 4.6 a) a non-uniformly 
re-deposited ablated material in the form of fragments on the boundary of the ablated region is 
observed.  
 
 
 
 
 
 
Figures 4.6: Enlarged SEM images of figures 4.5 (a-e) at the periphery of ablated region 
revealing the variation in surface morphology of S.S after ablation by 100 pulses of nanosecond 
laser at wavelength of 248 nm, pulse duration of 20 nanosecond and repetition rate of 20 Hz at 
different fluences of (a) 0.72 Jcm
-2
, (b) 0.86 Jcm
-2
, (c) 1 Jcm
-2
, (d) 1.13 Jcm
-2
 and (e) 1.27 Jcm
-2
,
  
at 133 mbar pressure of O2. 
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These laser-induced fragments at adequately high ambient gas pressure do not leave the target 
surface and re-deposited. This fact has been reported by Stafe et al. [157]. With the increase of 
fluence up to the range of 0.86 Jcm
-2
 (figure 4.6 b) micro-dendritic structures are observed [155, 
158]. These micro-dendritic structures are due to exfoliational sputtering from the centre of the 
target surface which re-condenses at the boundary of ablated region during ablation process. 
Figure 4.7 shows the variation in periodicity of ripples in different ambient environments i.e. 
under vacuum condition, in Ar and in O2 ambient. The periodicity value of LIPSS on S.S is 
varied from 45 µm to 100 µm under vacuum condition, 35 µm to 100 µm in Ar ambient while in 
case of O2 it is varied between 40 to 60 µm. The value of periodicity initially increases with the 
increasing laser fluence and decreases monotonically with further increase of fluence up to a 
value of 1.27 Jcm
-2
 in all ambient environments, as shown in figure 4.6. The initial increasing 
trend with increasing fluence is due to more energy deposition and correspondingly large scale 
material deformation and imprinting [159]. Whereas, the monotonic decrease in the periodicity is 
attributable to large scale melting, re-solidification and correspondingly the merging of 
individual periodic structures [156] 
 
 
 
 
Figure 4.7: The variation in periodicity of LIPSS formed on nanosecond laser irradiated S.S for 
various fluences in vacuum (10
-3
 mbar), Ar and O2 at 133 mbar pressure. 
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The comparison of three environments (vacuum, Ar & O2) of figure 4.1, figure 4.3 and figure 
4.5, shows that the ripple formation is more prominent under vacuum condition as compared to 
ambient environment of Ar and O2. Also the periodicity of ripples is higher after irradiation in 
vacuum and Ar as compared to O2 ambient (figure 4.7). This is due to the fact that under vacuum 
condition no adverse or shielding effects of the background gas are present. The prominent 
ripple-formation on the irradiated S.S surface in Ar, as compared to oxygen is explainable on the 
basis of enhanced cascade growth of electrons in Ar than in O2. For development of cascade 
growth the necessary condition is given by the following relation [17].    
       
  
  
 
          
     
 
        
 
                                      
Where   " is the energy of the free electrons, e and m are the charge and mass of the electron, 
while the mass of the background gas neutral particle is M, energy of the first ionization stage of 
the gas is denoted by E, radiation intensity by I, the cyclic frequency of radiation is   and the 
effective frequency of electron-neutral collisions is represented by veff. The rate of growth of 
energy by the absorption of the laser pulse is represented by first part of equation and this part 
remains constant, for both ambient environments. Second part of equation is the rate of 
maximum energy loss of plasma during elastic and inelastic collisions with neutral gas particles. 
The decisive factor E/M is used for calculating the energy loss in the cascade growth. The 
calculated value of this factor for Ar is 0.39 and for O2 is 0.43. This means that the cascade 
condition is more favored for Ar as compared to O2 [17].The enhanced cascade growth of 
electrons leads to high density and high temperature plasma in Ar than O2, which is responsible 
for efficient energy deposition to the lattice. This is the main cause of sharp and prominent ripple 
with greater periodicity in Ar as compared to O2. 
The comparison of three environments (vacuum, Ar & O2) of figure 4.2, figure 4.4 and 4.6, a 
significant difference is observed at the periphery of ablated region. In vacuum condition 
hillocks, wave like ridges and cones formation at the top of ridges at higher fluence is observed 
(figure 4.2). While in case of Ar treatment droplets, fragments and ridges formation is observed 
(figure 4.4). In case of O2 (figure 4.6) only re-deposition is observed.  
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4.2.2 AFM Analysis 
AFM surface topography of exposed targets for a scan area 5 µm × 5 µm at a fluence of  0.86 
Jcm
-
 
2 
exhibited in figures 4.8 (a, b & c ), (a)
 
under vacuum condition, (b) in Ar and (c) in O2 at a 
pressure of 133 mbar, respectively. Figure 4.8 (a) presents the appearance of several number of 
hillocks with an average height of 350 nm, when the target is exposed under vacuum condition. 
Several numbers of hillocks with an average height of 400 nm along with some surface 
protrusions are exhibited in Figure 4.8 (b).  
 
 
 
 
 
The hillock-formation with an average height of 300 nm, along with re-deposition is observed in 
figure 4.8 (c), when the targets are treated under ambient condition (O2) at 133 mbar pressure. 
Figure 4.8: AFM surface topographical images of S.S to exposed a nanosecond laser fluence of 
0.86 Jcm
-2 
in the ambient environments of (a) vacuum (10
-3
 mbar), (b) Ar and (c) O2 at 133 
mbar pressure. 
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The formation of hillocks after laser irradiation can be related with the residual stresses. The 
relaxation of compressive stresses, diffusion, transformation and aggregation of primary defects 
can also be responsible for the formation of these structures. Micro explosions inside the material 
due to the presence of pressure waves caused by localized surface melting raises the surface 
upwards in the form of hillocks [160]. The results obtained from AFM are compatible with SEM 
analysis. The roughness value of irradiated targets is 87 nm, 99 nm and 70 nm in vacuum, Ar and 
O2 environments, respectively. This variation in surface roughness can be related to the variation 
in the height of structures in different ambient.  
4.2.3 EDS Analysis 
EDS analysis is performed for chemical analysis of the un-irradiated and irradiated S.S (C, Si, S, 
Cr, Mn, Fe, Ni) targets, at various laser fluences of 0.72, 0.86, 1, 1.13 and 1.27  
Jcm
-2
 under vacuum, Ar and O2 is illustrated in table 4.2. All tabular data is with ±5 % 
percentage error. This table shows variation in the concentration of almost all elements. Under 
vacuum condition, the treatment of targets for laser fluences ranging from minimum value of 
0.72 Jcm
-2
 to a maximum value of 1.27 Jcm
-2
 the carbon content is increased from 9 % to 27 %. 
While the content of Fe is decreased from 60% to 49% and the content of Cr is also decreased 
from 18 % to 14 %. As S.S is metallic alloy and it is a multi-component material composed of C, 
Si, S, Cr, Mn, Fe and Ni. The photothermal, photophysical and photochemical response of every 
element after laser irradiation are different. Therefore non-uniform energy deposition with 
multipulse irradiation takes place which is responsible for the formation of wavelike ridges, 
hillocks and cones on the irradiated surface of S.S (figure 4.2 c).  
During laser ablation in Ar for all laser fluences ranging from minimum value of 0.72 Jcm
-2
 to a 
maximum value of 1.27 Jcm
-2
 the variation in the contents of almost all elements is illustrated in 
table 4.2. In addition to variation in elemental composition, a small amount of diffused surface 
atomic oxygen (O) content (1% atomic percent) at a fluence of 1.27 Jcm
-2
 is verified. As our 
experiment is not performed under ultra high vacuum (UHV) condition that’s why this small 
inclusion of atomic oxygen is observed at the surface of target during re-solidification. 
During laser ablation in O2 environment, in addition to variation in elemental composition, the 
diffused surface oxygen content is also observed ranging from 19 % to 45 % for various 
fluences.  
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Elements 0.72 Jcm
-2
 0.86 Jcm
-2
 1 Jcm
-2
 1.13 Jcm
-2
 1.27 Jcm
-2
 
 
Untr
eated 
Under 
Vacuu
m 
In 
Ar 
 
In 
O2 
 
Under 
Vacuu
m 
In 
Ar 
In O2 
 
Under 
Vacu
um 
In 
Ar 
In 
O2 
 
Under 
Vacuu
m 
In 
Ar 
In O2 
 
Under 
Vacuu
m 
In 
Ar 
In 
O2 
 
C 9 29 3 23 17 1 8 20 1 11 17 1 8 27 1 - 
O - - - 30 - - 31 - - 19 - 1 28 - 1 45 
Si 1 1 1 1 1 1 0.6 1 1 0.5 1 
0.3
4 
0.6 1 
0.
34 
0.6 
S 0.85    - - 0.5 - - 0.5 1 
0.3
5 
0.5 0.5 - 0.5 0.5 - 0.5 
Cr 18 14 15 9 17 17 12 16 19 23  6 18 13 14 18 13 
Mn 3 1 2 1 2 2 2 3 2 2 2 2 2 2 2 3 
Fe 60 47 70 30 54 71 41 52 69 40 55 72 42 49 72 33 
Ni 7 5 6 4 7 7 5 6 7 5 7 5 5 5 5 5 
Table 4.2: EDS analysis of the un-irradiated and laser-irradiated targets of stainless steel (AISI-304), for different fluences of 0.72, 0.86, 
1, 1.13 and 1.27 Jcm
-2 
in vacuum and Ar and O2. 
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Minimum oxygen content of 19 % is observed at a fluence of 1 Jcm
-2
, whereas maximum 
diffusion is noticed at maximum fluence of 1.27 Jcm
-2
. This can be a cause for flake- formation 
followed by photo-fragmentation, exfoliational and hydrodynamical sputtering of the multi-
component material (figure 4.7) [155]. 
4.2.4 XRD Analysis 
XRD technique is employed to obtain the information regarding phase identification; variation in 
cryastallinity, dislocation densities and residual strains of irradiated S.S. Figure 4.9 (a) shows the 
XRD patterns of un-irradiated and irradiated S.S samples under the vacuum condition for various 
laser fluences of 0.72, 0.86, 1, 1.13 and 1.27 Jcm
-2
. The XRD spectrum of unirradiated sample 
shows different phases of face centered cubic (fcc) austenitic stainless steel (-Fe phase). The 
XRD pattern shows the diffraction peaks related to -Fe phase corresponds to (111), (200) and 
(220) plane reflections [161]. Phases observed under vacuum remain same with the variation in 
d-spacing, peak intensity and full width at half maximum (FWHM) values.  
The following relation is used for the evaluation of crystallite size using Debye Sherrer’s 
formulae [151].     
                                                                 4.2 
Where D,  , FWHM and   are crystallite size, wavelength of X-rays (1.54 Å), full width at half 
maximum and Bragg’s diffraction angle respectively. 
Formula used for the evaluation of the dislocation line density is [152].   
                                            4.3 
Where   is dislocation line density and D is the crystallite size. 
The strain is evaluated by using following relation  
                                4.4 
Where   and D are wavelength of X-rays (1.54 Å) and crystallite size respectively.  
The variation in the peak intensities and d-spacing for various fluences under vacuum condition 
is exhibited in figure 4.9 (a). For -Fe (111) phase the variation in the peak intensity is related to 
the variation in the crystallite size and strain induced on the sample surface after laser irradiation. 
The change in d-spacing causes a variation in residual strain (stress) and lattice distortion. The 
lattice distortion is caused by the differences in inter atomic distances, thermal expansion 
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coefficients, temperature and cooling conditions between the surface layers and interstitial 
diffusion [162]. 
With the increase of fluence up to  0.86 Jcm
-2 
, the observed increase  in the peak intensity is 
attributable to the enhancement of diffraction of X-rays from target and the crystal growth 
caused by atomic diffusion across the grain boundaries after laser ablation (figures 4.9 b & c)  
[163]. Further increase of fluence up to a value of 1.13 Jcm
-2
, reduction in the average peak 
intensities is observed. The reason for the reduction of peak intensity (figure 4.9-a) is the re-
crystallization phenomenon during re-solidification after melting. Large sized grains break up 
into the smaller ones after laser irradiation and cause the attenuation in the peak intensity which 
is displayed in 4.9 (b).  
 
 
 
 
 
 
Figure 4.9: XRD data of S.S surface after irradiation of 100 pulses of nanosecond laser at 
different fluences of 0.72, 0.86, 1, 1.13 and 1.27 Jcm
-2
,
 
under vacuum (10
-3
 mbar) condition 
(a) X-ray diffractograms, (b) the crystallite size variation, (c) the strain variation and (d) the 
dislocation density variation. 
 
 
 
69 
 
 
Figure 4.9 (c) reveals the variation in induced strains in S.S after laser irradiation. The monotonic 
increasing trend of the strains for a fluence range of 0.86 -1.13 Jcm
-2
 is attributed to the enhanced 
generation of laser-induced shock waves and non uniform thermal stresses [128]. With the 
further increase of fluence up to a maximum value of 1.27 Jcm
-2
 an enhancement of peak 
intensity is achieved that is related to the enhanced crystal growth due to maximum energy 
deposition. The variation in the average dislocation line density at different laser fluences is 
shown in the figure 4.9 (d).  
Figure 4.10 (a) shows XRD diffractograms of un-irradiated and irradiated S.S samples in Ar 
environment for various laser fluences of 0.72, 0.86, 1, 1.13 and 1.27 Jcm
-2
. The variation in the 
peak intensities and d-spacing for various fluences in Ar is exhibited in figure 4.10 (a). The same 
prominent phase -Fe (111) is considered which has been discussed already for vacuum. During 
laser irradiation process, enough amount of energy is delivered to the target, which raises the 
surface temperature locally. It causes permanent lattice distortion and variation in the d-spacing 
due to differences in inter atomic distances and thermal expansion coefficients  [164]. At the 
applied fluence of 0.86 Jcm
-2 
the decrease in peak intensity of -Fe (111) plane reflection is 
attributable to the re-crystallization phenomenon during re-solidification after melting. Large 
sized grains break up into the smaller ones (figure 4.10-b) after laser irradiation and cause the 
attenuation in the peak intensity. The increase in strain displayed in figure 4.10 (c), is ascribed to 
non uniform stresses (strain) which are generated on the target surface in the form of shock 
waves after laser irradiation [128]. Further increase of fluence to a value of 1 Jcm
-2 
an increase in 
the peak intensity due to enhancement in the crystallite size is detected [165] (figure 4.10 a-b). 
The crystal growth is caused by atomic diffusion across the grain boundaries after laser ablation 
[163]. Further increase of fluence up to a value of 1.13 Jcm
-2 
causes reduction in the peak 
intensity γ-Fe (111) but with an increased crystallite size. Whereas, relative increase in peak 
intensity of α-Fe (111) as compared to γ-Fe (111) is also observed. The increase in the peak 
intensity of α-Fe (111) is obtained at the expense of -Fe (111) phase. With further increase of 
fluence to 1.27 Jcm
-2 increase in peak intensity and decrease in crystallite size of  γ-Fe (111) 
phase is observed. At the maximum fluence of 1.27 Jcm
-2 
the peak intensity of -Fe phase 
increases at the expense of α-Fe phase. The increase in fluence causes increased diffusion rate of 
Ar ions and melted material generating enhanced strains and lattice defects. This causes an 
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increase in peak broadening and reduction in the crystallite size [35].The variation in the average 
dislocation line density at different laser fluences is shown in figure 4.10 (d). 
 
 
 
 
 
 
 
Figure 4.11 (a) shows the XRD diffractograms of un-irradiated and irradiated S.S (AISI 304) 
samples in O2 environment for various laser fluences of 0.72, 0.86, 1, 1.13 and 1.27  
Jcm
-2
. The XRD spectrum shows that -Fe phase has been converted to O2 expanded -Fe (O) 
phase . This is also confirmed by EDS analysis. The variation in crystallite size, residual strains 
and dislocation densities executed for -Fe (O) (111) phase (in O2 environment) for various 
fluences and is plotted in figure 4.10 (b), (c) and (d) respectively. With the increase of fluence up 
to 1 Jcm
-2 
the peak intensity of -Fe (O) (111) increases with the increase of crystallite size. This 
Figure 4.10: XRD data of stainless steel (AISI-304) surface after irradiation of 100 pulses of 
nanosecond laser at different fluences of 0.72, 0.86, 1, 1.13 and 1.27 Jcm
-2
, in the ambient 
environment of Ar at 133 mbar pressure (a) X-ray diffractograms, (b) the crystallite size 
variation, (c) the strain variation and (d) the dislocation density variation. 
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can be ascribed to the motion of planes to the unstrained position [166]. Further increase in the 
fluence up to its maximum value causes decrease in the peak intensity along with the reduction 
in the crystallite size with development of maximum strains on the target surface [120].   
 
 
 
 
 
 
 
 
This is due to higher diffusion rate of O2 across the grain boundaries and to the interstitial sites 
which is originating the increase in the peak broadening and reduction in crystallite size and peak 
intensity. The variation in the average dislocation line density is shown in the figure 4.11(d). 
Figure 4.11: XRD data of S.S surface after irradiation of 100 pulses of nanosecond laser at 
different fluences of 0.72, 0.86, 1, 1.13 and 1.27 Jcm
-2
, in the ambient environment of O2 at 
133 mbar pressure (a) X-ray diffractograms, (b) the crystallite size variation, (c) the strain 
variation and (d) the dislocation density variation. 
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The compressive and tensile residual stresses are generated on the surface of S.S after laser-
irradiation. They are indicated by peak shifting of XRD patterns. Peak shifting towards the 
higher angular position is an indication of compressive stresses , whereas  shifting towards lower 
angular positions indicates tensile stresses as can be seen from figure 4.9 (a), 4.10 (a) and 4.11 
(a) [167]. SEM results reveal an appearance of several kinds of features such as cones and 
cavity-formation on the irradiated surface (figure 4.2, 4.4 & 4.6). The cone formation is caused 
by the relaxation of compressive stresses, Whereas cavity formation is caused by tensile stresses 
[22, 168]. 
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4.3 Ablation mechanisms in Ti by employing nanosecond laser in different 
ambient environments (vacuum, Ar & O2) 
4.3.1 SEM Analysis 
Figure 4.12 (a) shows the SEM images of an unexposed surface of Ti. Figures 4.12 (b-e) reveal 
the SEM images of irradiated targets with 100 pulses of nanosecond laser at various fluences of 
(b) 0.86 Jcm
-2
, (c) 1 Jcm
-2
, (d) 1.13 Jcm
-2
 and (e) 1.27 Jcm
-2
,  under vacuum condition. Well 
defined periodic surface structures called ripples are observed for all fluences. The modulation of 
the free electron density formed by the interaction between incoming and surface scattered laser 
light, causes the formation of ripples on the target surface. Laser generated surface waves due to 
the presence of in-homogeneities and parametric instabilities can also be considered as one of 
possible cause for the appearance of such kind of features [169]. The magnified view of SEM 
Micrographs from central ablated region is shown in the inset of figure 4.12 (c). Only the 
formation of ripples is seen and no other features like cones, pores, cavities etc are observed as 
has been observed in case of S.S (figure 4.1).  
SEM images of figure 4.13 (a-d), show the enlarged view of peripheral ablated region at higher 
magnification for various laser fluences of 0.86, 1, 1.13 and 1.27 Jcm
-2 
under vacuum condition. 
Granular morphology along with small sized pores and cavities across the grain boundaries is 
exhibited at the boundary of ablated regions for all fluences. The basic mechanism responsible 
for the formation of granular morphology is re-crystallization after laser irradiation. The high 
rate of heating and cooling results in tremendous temperature gradients related to the plasma 
dynamic flow and local heating [119]. This is the basic reason for the production of residual 
stresses in the surface layer. The localized heating and cooling results in preferential 
crystallization and grain-like features [119]. The cavity and pore formation is related with the 
thermal ablation on the basis of laser induced heating, thermal desorption, melting and explosive 
boiling of the target surface [147]. Large size diffused grains having pores and cavities across the 
grain boundaries are observed at the lowest value of fluence (0.86 Jcm
-2
). With the increase of 
fluence from 0.86 to 1.27 Jcm
-2
 reduction in the average grain size is observed. However the 
pore density increases with the increase of fluence up to maximum value of 1.27 Jcm
-2
. The 
reﬁnement of grains after increased fluence increases the strength of material without affecting 
the ductility of laser ablated material [170].  
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Figure 4.12: SEM images revealing the comparison of variation in surface morphology of Ti 
(a) before ablation (unirradiated) and after ablation by 100 pulses of nanosecond laser at 
wavelength of 248 nm, pulse duration of 20 nanosecond and repetition rate of 20 Hz, under 
vacuum (10
-3
 mbar) condition at different fluences of (b) 0.86 Jcm
-2
, (c) 1 Jcm
-2
, (d) 1.13 
Jcm
-2
 and (e) 1.27 Jcm
-2
. 
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During phenomenon of rapid solidification, the rate at which the molten material cools down 
after laser irradiation is high, and its temperature falls significantly below its equilibrium 
freezing temperature. This results in extensive under-cooling before solidification begins. The 
process occurs under non-equilibrium conditions with greater solidification velocity and the 
interface temperature becomes a function of time and process parameters. So no thermodynamic 
equilibrium takes place causing fine grained structures on the target surface during rapid 
solidification [171].  
 
 
 
 
 
 
 
Figure 4.13: Enlarged SEM images at the periphery of ablated regions revealing the variation in 
surface morphology of Ti after ablation by 100 pulses of nanosecond laser for various fluences 
of (a) 0.86 Jcm
-2
, (b) 1 Jcm
-2
, (c) 1.13 Jcm
-2 
and (d) 1.27 Jcm
-2 
under vacuum (10
-3
 mbar) 
condition. 
. 
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With the increase of fluence the phenomenon of subsurface boiling is enhanced, causing the 
increase in the defect generation and pore density.  
Figures 4.14 (a-d) show SEM images of irradiated targets in Ar at a pressure of 133 mbar for 
various laser fluences of (a) 0.72 Jcm
-2
, (b) 0.86 Jcm
-2
, (c) 1 Jcm
-2
, (d) 1.13 Jcm
-2
 and (e) 1.27 
Jcm
-2
 after irradiation with 100 pulses of nanosecond laser. Well defined LIPSS are observed for 
all fluences. These structures are similar to that as observed under vacuum (figure 4.12). The 
observed ripples are less prominent as compared to vacuum condition.  
 
 
 
 
 
 
 
 
Figure 4.14: SEM images revealing the comparison of variation in surface morphology of Ti 
after ablation by 100 pulses of nanosecond laser at wavelength of 248 nm, pulse duration of 20 
nanosecond and repetition rate of 20 Hz at different fluences of (a) 0.86 Jcm
-2
, (b) 1 Jcm
-2
, (c) 
1.13 Jcm
-2
 and (d) 1.27 Jcm
-2
, at 133 mbar pressure of Ar. 
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A magnified view of SEM Micrographs of 4.14 (c) from central ablated region is shown in the 
inset of figure 4.14 (c).  
Figures 4.15 (a-d) exhibit the enlarged SEM images of peripheral ablated areas of irradiated Ti 
for various laser fluences of (a) 0.86, (b) 1, (c) 1.13 and (d) 1.27 Jcm
-2
, in Ar ambient. Granular 
morphology is exhibited at the boundary of ablated regions for all fluences. With the increase of 
fluence from 0.86 to 1 Jcm
-2
 an increase in the grain size is revealed.  
 
 
 
 
 
 
 
 
 
Grains Grains 
Grains Grains 
Figure 4.15: Enlarged SEM images at the periphery of ablated regions revealing the 
variation in surface morphology of Ti after ablation by 100 pulses of nanosecond laser for 
various laser fluences of (a) 0.86 Jcm
-2
, (b) 1 Jcm
-2
, (c) 1.13 Jcm
-2 
and (d) 1.27 Jcm
-2 
at 133 
mbar pressure of Ar. 
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Whereas, the further increase of fluence up to 1.27 Jcm
-2
 causes the reduction in the grain size. 
Laser induced heating and cooling, the incredible temperature gradient and laser induced residual 
stresses are responsible for grain growth [119-120]. With the further increase of fluence after 
laser irradiation during re-solidification particles that are present at grain boundaries hinder the 
grain growth [172]. 
SEM images of  figures 4.16 (a – d) represents the surface morphology of Ti after exposing its 
surface to 100 pulses of nanosecond laser for various fluences (a) 0.86 Jcm
-2
, (b) 1 Jcm
-2
, (c) 
1.13 Jcm
-2 
and (d) 1.27 Jcm
-2 
at 133 mbar pressure of O2. These figures illustrate LIPSS 
formation similar to that as observed under vacuum and Ar (figure 4.12, 4.14) in their 
appearance.  
 
 
 
 
 
 
 
Figure 4.16: SEM images revealing the comparison of variation in surface morphology of Ti 
after ablation by 100 pulses of nanosecond laser at wavelength of 248 nm, pulse duration of 
20 nanosecond and repetition rate of 20 Hz at different fluences of (a) 0.86 Jcm
-2
, (b) 1 Jcm
-2
, 
(c) 1.13 Jcm
-2
 and (d) 1.27 Jcm
-2
, at 133 mbar pressure of O2. 
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However these ripples are less prominent, more diffusive as compared to the ripples formed 
under vacuum and Ar. For lowest fluence of 0.86 Jcm
-2
 (figure 4.16 a) the ripple structures are 
more diffusive with less clarity.  
With the increase of fluence up to 1 Jcm
-2 
figure 4.16 (b) more pronounced and clear ripple 
formation is observed. whereas, the further increase of fluence from 1.13 Jcm
-2 
to
 
1.27 Jcm
-2 
the 
clarity of ripples diminishes due to enhanced energy absorption and large scale melting causing 
the merging of individual periodic structures with each as shown in figure 4.16 (d, e) [156].  
Magnified view of SEM micrographs from central ablated region is shown in the inset of figure 
4.16 (c).  
Figures 4.17 (a-d) are the enlarged SEM views of peripheral ablated areas in O2 for various 
fluences (a) 0.86, (b) 1, (c) 1.13 & (d) 1.27 Jcm
-2
. It reveals the formation of grains in the form of 
wavelike ridges. Some traces of re-deposition and cracking can also be seen. After laser 
irradiation the volume of the molten material in the surface layer increases which results in 
increased shrinkage effects. After increasing the fluence from 0.86 Jcm
-2 
to 1.13 Jcm
-2
, the grain 
boundaries become more distinct and wider. With the further increase of fluence up to 1.27 Jcm
-
2
, reduction in the grain size is observed. Also grain boundaries become diffusive at the 
maximum fluence. Successive heating by overlapping laser pulses at higher fluence, enhances O2 
diffusion into the molten surface of the sample efficiently. This efficient diffusion of O2 across 
the grain boundaries makes them distinct and wider. This also results the formation of oxides on 
the target surface (confirmed from XRD analysis) [119-120]. However, the size of grains 
decreases monotonically with the increase of fluence from 0.86 to 1.27 Jcm
-2
. Hence, tensile 
stresses are accumulated and cracking in the oxide layer is accentuated [173].  
Figure 4.18 shows the variation in periodicity of ripples for various laser fluences in the ambient 
environments of vacuum, Ar and O2. Under vacuum condition the periodicity of ripples initially 
increases from 55 μm to 120 μm with the increasing laser fluence up to a value of 1 Jcm-2 and 
then decreases 12 μm with further increase of fluence up to a value of 1.27 Jcm-2. While in case 
of Ar treatment the periodicity value, of these structures varies from 68 μm to 108 μm with the 
variation of fluence from 0.86 to 1.27 Jcm
-2
. In case of irradiation in O2 environment the 
periodicity value, of these structures reduces from 101 μm to 38 μm with the variation of fluence 
from 0.86 to 1.27 Jcm
-2
,
 
as shown in figure 4.18.  
 
80 
 
 
 
 
 
 
 
 
Comparison of periodicity in three environments (vacuum, Ar and O2) shows that in the presence 
of gasses (Ar, O2) the value of periodicity is smaller as compared to vacuum condition. This 
smaller value of periodicity can be related with the shielding effect of ambient gases. 
Comparing the SEM results of three ambient (vacuum, Ar, O2) figures (4.12, 4.13 and 4.16) 
shows almost the same behavior of LIPSS formation as observed for S.S. The LIPSS observed 
under vacuum condition and in Ar environment, shown in figures (4.12 & 4.14) are more distinct 
and pronounced as compared to O2 figure 4.16.  
Comparison of periodicity variation of two metals i.e. S.S and Ti (figures 4.7 and 4.18) shows 
that these metals don’t follow the same trend for the variation in periodicity for different 
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Figure 4.17 Enlarged SEM images at the periphery of ablated regions revealing the variation 
in surface morphology of Ti after ablation by 100 pulses of nanosecond laser for various 
fluences of (a) 0.86 Jcm
-2
, (b) 1 Jcm
-2
, (c) 1.13 Jcm
-2 
and (d) 1.27 Jcm
-2
,
 
at 133 mbar pressure 
of O2. 
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environments. This shows that the response of two metals depending upon various parameters 
(melting point, thermal conductivity and thermal diffusivity) is different for different ambient 
environments and fluence values for constant number of pulses.  
Comparison of SEM images of Ti with S.S shows that the LIPSS formation is more distinct in 
case of S.S as compared to Ti. This phenomenon can be due to higher melting point of Ti (1940 
K) as compared to S.S (1500 K). 
 
 
 
 
 
The comparison of surface modification of S.S (figure 4.1, 4.3, 4.5) with Ti (figure 4.12, 4.14, 
4.16) shows that at the central ablated area of irradiated targets of S.S, the cavities are formed in 
addition to LIPSS. While in case of Ti such kind of features are not observed. This may be 
related to the higher melting point of Ti as compared to S.S and also on the fact that S.S is a 
multi-component material, the absorption of laser energy and ablation threshold of every element 
is different. It causes the non-uniform energy deposition and correspondingly non-uniform 
boiling and melting in the ablated region. This phenomenon may cause subsurface boiling and 
formation of cavities on the irradiated S.S.   
Figure 4.18: The variation in periodicity of LIPSS formed on nanosecond laser irradiated Ti for 
various fluences in vacuum (10
-3
 mbar), Ar and O2, at 133 mbar pressure. 
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Comparing the surface morphology of peripheral ablated areas of S.S (figure 4.2, 4.4, 4.6) and Ti 
(figure 4.13, 4.15, 4.17) shows that for S.S wavelike ridges, cones, hillocks and re-deposited 
particulates are observed. While in case of Ti only granular morphology along with pores and 
cracks are observed.  
4.3.2 AFM analysis  
AFM surface topography for a scan area of  5 µm × 5 µm at the peripheral ablated areas of 
exposed targets of Ti at a fluence of 0.86 Jcm
-2 
in vacuum (10
-3
 mbar), Ar and O2 ambient 
environment at a pressure of 133 mbar are shown in Figures 4.19 (a, b, c), respectively.  
 
 
 
 
 
 
Large number of protrusions and bumps with an average height of 350 nm are revealed under 
vacuum condition (figure 4.19 a).  
Figure 4.19: AFM surface topographical images of Ti exposed to a nanosecond laser fluence 
of 0.86 Jcm
-2
,
 
in the ambient environments of (a) vacuum (10
-3
 mbar), (b) Ar and (c) O2 at 
133 mbar pressure.  
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Figure 4.19 (b) shows that the appearance of bumps and protrusions become more distinct, the 
height and size of these structures increases in Ar ambient, with an average height of 450 nm. 
Whereas, in case of O2 ambient, the protrusions  along with bump with an average height of 250 
nm along with the presence of ripples are observed and exhibited in figure 4.19 (c). 
Micro explosions inside the material due to the presence of pressure waves caused by localized 
surface melting raises the surface upwards in the form of bumps. Whereas, the variation in the 
size of protrusions can be explained on the basis of variation in the energy deposition at various 
lattice sites [110]. Highly disturbed surface topography of Ti in case of ablation in O2 
environment is observed and this can be related to the reduction in the size of structures (bumps). 
4.3.3 EDS analysis 
EDS analysis is performed for chemical analysis of the un-irradiated and laser irradiated Ti 
targets, in non-reactive (vacuum & Ar) and reactive (O2) environments and is illustrated in table 
4.3. For Ti samples EDS point analysis was performed only for 0.86 Jcm
-2
. The untreated target 
of Ti consist 96% Ti and 4% Al. After irradiation under vacuum condition (10
-3
 mbar) a small 
inclusion of atomic oxygen (O) is observed along with the reduction in Al content and a slight 
enhancement in Ti percentage. As experimental work was not performed under ultrahigh 
vacuum, this can be a reason for diffusion of O during re-solidification. While in case of 
irradiation in Ar environment reduction in Al content and a small percentage of Ar (1 atomic %) 
is observed due to interstitial diffusion of Ar. Whereas during irradiation in O2 environment a 
large content of O i.e. 31%, is observed. The recoil pressure of laser-induced plasma enhances 
the diffusion of reactive gas atoms to the interstitial cites [174]. During laser irradiation the 
molecular oxygen (O2) dissociates into the atomic oxygen (O). The target has greater adsorption 
capacity of atomic O2 than the molecular O2, therefore it causes an enhanced diffusion [175].  
4.3.4 XRD Analysis  
The XRD patterns of the un-irradiated and irradiated Ti samples exposed for various laser 
fluences 0.86, 1, 1.13 and 1.27 Jcm
-2
 under vacuum condition are shown in figure 4.20 (a). The 
peaks of different phases Ti i.e., (100), (002) and (101), (102), (110), (103), (112), (201) (Pattern 
No. 01-089-2959) are identified. 
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After irradiation for all fluences under vacuum condition no new phases are observed for all 
fluence values. However, the change in Bragg’s angle, intensity as well as variation in 
broadening of peaks is observed.  Equations 4.2, 4.3 and 4.4 are used for the calculation of 
variation in the crystallite size, dislocation line density and induced residual strains on the 
irradiated target surfaces and are shown in figures 4.20 (b) , (c) and (d), respectively [151-152]. 
The variation in the peak intensity, crystallinity, strain and the dislocation density is calculated 
for Ti (101) plane after laser irradiation. Change in d-spacing due to peak shifting, generate 
residual strains (stress) on the surface of exposed targets [162]. 
Enhanced fluence (0.86 to  1.13 Jcm
-2
) causes reduction in peak intensity and poor crystallinity 
[176]. This is related to the motion of crystalline planes to the maximum strained positions due 
to defect generation and can be seen in the figures 4.20 (b-d). With the further increase of 
fluence up to its maximum value of 1.27 Jcm
-2
 an increase in peak intensity along with enhanced 
crystal growth is observed. This indicates that the adatom kinetic energy exceeds with the 
increase of fluence to 1.27Jcm
-2
 to overcome the barrier to arrange Ti atoms in (101) orientation 
thereby enhancing the growth of Ti in (101) orientation and results in an increased growth and 
reduced dislocation density as revealed in figures 4.20 (b-d).  
Elements Untreated Under 
vacuum 
In Argon In Oxygen 
Ti 94 96 97 66 
Al 6 3 2 3 
Ar - - 1 - 
O2 - 1 - 31 
Table 4.3: EDS analysis of the un-irradiated and nanosecond laser irradiated targets of Ti at a 
fluence of 0.86 Jcm
-2
,
 
under the in vacuum (10
-3
 mbar), Ar and O2 environments at the pressure 
of 133 mbar. 
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The change in the value of peak intensity, crystallite size, residual strains and dislocation density 
for Ti (101) plane reflection after laser irradiation for different fluences in the ambient 
environment of Ar are revealed in figures 4.21 (a-d), respectively.  For a  variation in the fluence 
from 0.86 to  1 Jcm
-2
 an increase in the peak intensity of Ti (101) is perceived [163, 177]. With 
the further increase of  fluence up to a value of 1.13 Jcm
-2
 reduction in the peak intensity as well 
as in crystallinity is observed which is attributable to the incorporation of impurities and stress 
induced defects (figures 4.21 b-d) [178]. 
Increase in the strains and dislocation line densities occurs due to the presence of non uniform 
thermal stresses produced by laser-induced shock waves [128]. The further increase of fluence 
Figure 4.20:  XRD data of un-irradiated and irradiated Ti exposed for 100 pulses of nanosecond 
laser for various fluences of 0.86, 1, 1.13 and 1.27 Jcm
-2
,
 
under vacuum (10
-3
 mbar) condition (a) 
X-ray differactograms, (b) the crystallite size variation, (c) the strain variation and (d) the 
dislocation density variation. 
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up to 1.27 Jcm
-2
 causes enhancement of peak intensity which is related to the enhancement in the 
crystal growth. 
 
 
 
 
 
 
 
 
Figure 4.22 (a) exhibits XRD spectra of un-irradiated and laser irradiated Ti in O2 environment at 
133 mbar pressure for various laser fluences varies from 0.86 to 1.27 Jcm
-2
. It is evaluated from 
diffractogram, that different phases of Ti i.e., (101), (102), (110) and (103) have been converted 
to TiO6 (-1-1-2) (Pattern No. 01-072-1471 ), TiO2 (311) (Pattern No. 01-076-0326), TiO2 (310) 
and TiO2 (311), respectively. New phases in the form of oxides are formed on the surface of 
irradiated targets after laser induced heating, melting re-solidification and re-deposition. An 
Figure 4.21: XRD data of un-irradiated and irradiated Ti exposed for 100 pulses of nanosecond 
laser for various fluences of 0.86, 1, 1.13 and 1.27 Jcm
-2
,
 
in Ar environment at 133 mbar 
pressure (a) X-ray differactograms, (b) the crystallite size variation, (c) the strain variation and 
(d) the dislocation density variation. 
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existence of O2 is also verified by EDS analysis. The variation in crystallite size, residual strains 
and dislocation densities evaluated for TiO6 (-1-12) phase for all fluences are illustrated in 
figures 4.22 (b-d). 
 
 
 
 
 
 
 
Initial increase in the fluence from 0.86 up to 1 Jcm
-2
, re-crystallization phenomenon becomes 
dominant due to presence of maximum dislocation density and enhancement in strains. With the 
further increase of fluence up to 1.13 Jcm
-2 
the peak intensity of TiO6 (-1-12) increases with 
crystal growth. Enhancement in the peak intensity is observed with the increase of fluence up to 
1.27 Jcm
-2 
along with increased broadening. This increase in broadening is due to more diffusion 
Figure 4.22: XRD data of un-irradiated and irradiated Ti exposed to 100 pulses of nanosecond 
laser at different fluences of 0.86, 1, 1.13 and 1.27 Jcm
-2
,
 
in O2 environment at 133 mbar 
pressure, (a) X-ray differactograms, (b) the crystallite size variation, (c) the strain variation and 
(d) the dislocation density variation.  
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of O across the grain boundaries and into the interstitial sites causes reduction in crystallite size. 
The peak broadening not only effects the crystallite size as well as development of micro-strains 
and defect-generation (figures 4.22 b-d) [20]. The residual stresses are developed on the target 
surface after laser irradiation. Residual stresses are important because they affect the strength of 
the material, either positively or negatively and may also result in distortion. These stresses 
results from differential expansion (or contraction) of lattice on the exposed target surface and 
are related to thermal expansion mismatch, phase transformations, differential diffusion of 
different elements, or defects generation during irradiation [179]. Residual stresses are related 
with the change in Bragg’s diffraction angle.  The motion of planes to the higher angular position 
causes the formation of compressive stresses. Whereas, the down shifting is related with the 
tensile stresses [176].  The variation in the crystallographic structures of the irradiated samples 
are correlated with the surface morphological evolution of  LIPSS, pores, cavities, grains, bumps, 
and surface protrusions. Laser induced thermal shocks causes the formation of cavities and 
pores. Whereas, the relaxation of compressive stresses is responsible for the formation of bumps 
and surface protrusions [168]. 
Comparison of XRD results of Ti and S.S in different ambient environments and for various 
fluences shows that under vacuum condition and in Ar environment no new phases are formed. 
Whereas, irradiation of targets (S.S and Ti) in O2 ambient show the formation of oxides, due to 
the diffusion of O in the matrix. 
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4.4 Ablation mechanisms in Al by employing nanosecond laser in different 
ambient environments (vacuum, Ar & O2) 
4.4.1. SEM Analysis 
SEM images of figures 4.23 (a-e) show the formation of LIPSS (ripples) on the surface of Al 
after laser irradiation under vacuum condition for various laser fluences of (a) 0.86 Jcm
-2
, (b) 1 
Jcm
-2
, (c) 1.13 Jcm
-2
 and (d) 1.27 Jcm
-2
 with 100 pulses of nanosecond laser. The interaction 
between surface plasmon waves and incoming laser radiation causes the formation of LIPSS on 
the target surface [60].  
 
 
 
 
 
 
 
Figure 4.23:  SEM images revealing the variation in the surface morphology of Al after ablation 
by 100 pulses of nanosecond laser at wavelength of 248 nm, pulse duration of 20 nanosecond and 
repetition rate of 20 Hz for various fluences of (a) 0.86 Jcm
-2
, (b) 1 Jcm
-2
, (c) 1.13 Jcm
-2
 and (d) 
1.27 Jcm
-2
,
 
under vacuum (10
-3
 mbar) condition. 
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Zhou et al. considered the development of ripples at the vapor/liquid interface. An 
inhomogeneous thermal-expansion mechanism most likely allows the ripples to grow under the 
radiation field [180]. After laser interaction due to the melting and re-solidification of Al, the 
convective flow of molten pool generates surface tension and temperature gradients at melt trail 
at the centers as well as at the edges. Hydrostatic pressure increases at edges due to the inflow of 
liquid and the specific volume increase take place during re-solidification. This is responsible for 
the growth of ripple structures on the surface of Al [153]. 
The enlarged SEM views of figures 4.23 (a-d) at higher magnification are exhibited in the figures 
4.24 (a-d). The appearance of small scale ripples in the form of fibrous structures is clearly 
observed. A few number of cavities are also seen. The size of fibrous structures increases with 
the increase of fluence up to a value of 1 Jcm
-2
. The variation in the size distribution of these 
observed structures is related to the non-uniform distribution of dislocation density, in-
homogeneities, thermal stresses and lattice defects induced by laser irradiation [181]. Further 
increase in the fluence up to a value of 1.13 Jcm
-2
, causes a destruction of fibrous structures on 
the surface of Al, due to spallation process [182]. For the maximum fluence of 1.27 Jcm
-2
 the 
formation of cones is clearly seen in figure 4.24 (d).  At the base of cones, the rippled surface 
along thermal-stress-cracking is also revealed. Simultaneous action of physical deformation 
mechanisms, like melting, evaporation and ablation originates the formation of cones [182]. 
Each mechanism is dependent upon laser parameters like fluence, number of pulses as well as on 
properties of material parameters e.g. thermal conductivity, heat capacity and thermal diffusivity. 
The ambient atmosphere is also one of controlling factor [182]. The second reason, for the 
formation of these conical microstructures is preferential evaporation of the target surface due to 
erosion resistance formed by surface segregation and defect generation after multiple pulse laser 
irradiation [112].  
Figures 4.25 (a-d) show the appearance of  LIPSS on the surface of Al after ablation in Ar 
environment at a pressure of 133 mbar for various laser fluences of (a) 0.86 Jcm
-2
, (b) 1 Jcm
-2
, 
(c) 1.13 Jcm
-2
 and (d) 1.27 Jcm
-2
 with 100 pulses of nanosecond laser.  
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The enlarged SEM micrographs of central ablated region of irradiated Al are displayed in figures 
4.26 (a-d). The appearance of small scale ripples in the form of fibrous structures is clearly 
observed. A few number of cavities and droplets are also seen. The droplets are formed due to 
hydrodynamical effects. The fibrous structures are transformed into micro-cones along with 
appearance of large number of cavities with the increase of fluence as can be seen from figures 
4.26 (b & c). It depicts that the threshold for formation of conical microstructures is higher than 
ripple-formation and these results are compatible with previous work [183]. Figures 4.26 (c & d) 
exhibit that with the increase of fluence from 1.13 to 1.27 Jcm
-2
, the density of cones decreases 
along with the reduction in density of cavities and they become less distinct in their appearance. 
Figure 4.24: Magnified SEM images of figure 4.23 at the central ablated area representing the 
surface morphology of Al after exposure to 100 pulses of nanosecond laser at wavelength of 
248 nm, pulse duration of 20 nanosecond and repetition rate of 20 Hz for various fluences of 
(a) 0.86 Jcm
-2
, (b) 1 Jcm
-2
, (c) 1.13 Jcm
-2
 and (d) 1.27 Jcm
-2
. 
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This is ascribed to destruction of well-defined features due to enhanced thermal effects at higher 
fluence causing the localized laser ablation and melting which is responsible for the refilling of 
cavities [184]. 
 
 
 
 
 
 
 
 
Figures 4.27 (a-d) are the SEM micrographs of Al surface irradiated in O2 at a pressure of 133 
mbar for various laser fluences of (a) 0.86 Jcm
-2
, (b) 1 Jcm
-2
, (c) 1.13 Jcm
-2
 and (d) 1.27 Jcm
-2
 
with 100 pulses of  nanosecond laser. For the lowest fluence small scale ripples are observed that 
are not very well-defined (figure 4.27 a). With increasing fluence from 1 to 1.27 Jcm
-2 
distinct, 
well defined and spiral shaped re-deposited LIPSS are observed.  
Figure 4.25: SEM images revealing the surface morphology of Al after ablation by 100 pulses 
of nanosecond laser at wavelength of 248 nm, pulse duration of 20 nanosecond and repetition 
rate of 20 Hz for various fluences of (a) 0.86 Jcm
-2
, (b) 1 Jcm
-2
, (c) 1.13 Jcm
-2
 and (d) 1.27 
Jcm
-2
 under an ambient environment of Ar at a pressure of 133 mbar. 
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The cavities and re-deposition are also seen along channels. Laser-induced heating and melting 
of the metal in the presence of O2 causes oxide-formation and is responsible for re-deposition. 
The spatial in-homogeneities, convective instabilities, temperature gradient, surface tension 
during re-deposition and re-solidification of metals and its oxides are responsible for such kind 
of spiral-shaped structures [185]. At the inner boundary of ablated region wave like ridges are 
revealed. The ablation mechanism can be resembled with the piston mechanism. In which the 
Figure 4.26: Magnified SEM images of figure 4.26 at the central ablated area showing the 
variation in the surface morphology of Al after ablation by 100 pulses of nanosecond laser at 
wavelength of 248 nm, pulse duration of 20 nanosecond and repetition rate of 20 Hz for 
various fluences of (a) 0.86 Jcm
-2
, (b) 1 Jcm
-2
, (c) 1.13 Jcm
-2
 and (d) 1.27 Jcm
-2
 in an 
ambient environment of Ar at a pressure of 133 mbar. 
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recoil pressure of ablated material and plasma moves a layer of molten zone towards the edges of 
beam spot and the material solidifies in the form of ridges.  
 
 
 
 
 
 
 
The enlarged SEM images of figures 4.27 (a-d) represent the central ablated region of Al at 
higher magnification and are exhibited in figures 4.28 (a-d). Figure 4.28 (a) shows small scale 
ripples (wave like structures) with wrinkles and canals. Small scale ripples in the form of fibrous 
structures are also exhibited in figures 4.28 (b-d).  
The comparison of three environments (vacuum, Ar & O2) of figures (4.23-4.28) provides a 
significant difference in the surface morphology of  laser irradiated Al. Ripple formation in case 
Figure 4.27: SEM images revealing the surface morphology of Al after ablation by 100 pulses 
of nanosecond laser at wavelength of 248 nm, pulse duration of 20 nanosecond and repetition 
rate of 20 Hz for various fluences of (a) 0.86 Jcm
-2
, (b) 1 Jcm
-2
, (c) 1.13 Jcm
-2
 and (d) 1.27 
Jcm
-2
, under an ambient environment of O2 at a pressure of 133 mbar.  
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of irradiation under vacuum is more prominent as compared to other two environments (Ar & 
O2). Whereas, distinct ripple-formation on the irradiated Al surface in Ar environment as 
compared to O2 environment is observed. It is explainable on the basis of enhanced cascade 
growth of electrons in Ar than in O2 environment [17].  
  
 
 
 
 
 
 
 
Figure 4.29 shows the variation in periodicity of LIPSS after nanosecond laser ablation in 
different ambient environments for various laser fluences. The periodicity of ripples initially 
increases from 28 µm to 30 µm with the increasing laser fluence up to a value of 1 Jcm
-2
 and 
Figure 4.28: Magnified SEM images of figure 4.27 representing the surface morphology of the 
central ablated area of Al after exposure to 100 pulses of nanosecond laser at wavelength of 248 
nm, pulse duration of 20 nanosecond and repetition rate of 20 Hz for various fluences of (a) 0.86 
Jcm
-2
, (b) 1 Jcm
-2
, (c) 1.13 Jcm
-2
 and (d) 1.27 Jcm
-2
, under an ambient environment of O2 at a 
pressure of 133 mbar. 
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decreases to 19 µm with the further increase of fluence up to a value of 1.27 Jcm
-2
, similarly as 
observed in case of S.S and Ti. While in case of irradiation in Ar environment the average 
periodicity of ripples is enhanced from 25µm to 27 µm with the increase of laser fluence up to a 
value of 1 Jcm
-2
 and then reduces to18 µm with further increase of fluence up to a value of 1.27 
Jcm
-2
.  
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While in case of irradiation in O2 environment the average periodicity of observed ripples is 
increased from 24 µm to 29 µm then decreases to 16 µm as shown in figure 4.29.  
Comparing the ripples formation on the surface of Al with S.S and Ti, it is found that the ripples 
formed on the surface of Al are more distinct, messy and spiral shaped. This can be related with 
the smaller value of melting point (933 K) of Al, as compared to Ti (1941 K) and S.S (1500 K). 
The formation of conical microstructures is also more prominent on the surface of nanosecond 
laser irradiated Al as compared to Ti and S.S. One more difference between the structuring of 
these metals is that in case of Al, no micro/nano structures are observed at the periphery of 
ablated areas. This can be related with the thermal conductivity of these metals the thermal 
conductivity of Al (237 Wm
-1
K
-1
) is significantly higher as compared to Ti (21.9 Wm
-1
K
-1
) and 
S.S (16 Wm
-1
K
-1
). Due to rapid heat conduction effects in Al thermal effects at the periphery are 
Figure 4.29: The variation in periodicity of LIPSS formed on nanosecond laser irradiated Al for 
various fluences in vacuum (10
-3
 mbar), Ar and O2 ambient, at a pressure of 133 mbar. 
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significantly smaller and are unable to cause micro/nano structuring on laser irradiated Al 
surface.  
4.4.2 AFM Analysis 
AFM surface topography of exposed targets of Al for a scan area 5 µm × 5 µm at a fluence of 
0.86 Jcm
-2
 under vacuum, Ar and O2 are shown in figures 4.30 (a), (b) and (c), respectively. A 
large number of different sized micro-bumps with an average height of 250 nm in case of 
vacuum and 350 nm in Ar along with some surface protrusions are exhibited in figure 4.30 (a, b). 
Whereas, in case of O2 small sized protrusions and hillocks with an average height of about 150 
nm are observed (figure 4.30 c). The formation of bumps after laser irradiation is related to the 
residual stresses. These stresses cause an increase of local volume in the form of bumps. The 
relaxation of compressive stresses, diffusion, transformation and aggregation of primary defects 
can also be responsible for the bump formation [160]. Variation in the size of bumps is related 
with the irregular variation in the melting point of atomic clusters i.e. smaller particles have 
lower melting point than bulk material. This irregular variation in melting point also causes size 
variation in bumps formation [110].  
4.4.3 EDS Analysis 
EDS analysis is performed for chemical analysis of the un-irradiated and irradiated Al targets, 
under vacuum, Ar and O2 environment at laser fluence of 0.86 Jcm
-2
 and is illustrated in table 
4.4.  EDS point analysis is performed at the center of the sample and all tabular data is with ±5 % 
percentage error. This table shows variation in the concentration of Al due to extraction of O 
after irradiation under vacuum condition and inclusion of Ar and O after irradiation in Ar and O2 
ambient environments. In the untreated sample of Al a small amount of O is observed, it is due to 
oxide formation on the surface of Al after having a chemical reaction with ambient environment 
(air). During treatment in Ar environment, oxides are completely removed from the surface of Al 
and a small percentage of Ar (1 atomic %) is observed due to interstial diffusion of Ar.  
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Elements Untreated Under 
Vacuum 
In Argon In Oxygen 
Al 97 98 99.0 65 
Ar -  1 - 
O 3 2 - 35 
 
Figure 4.30: AFM surface topography of Al targets exposed to a nanosecond laser fluence of 
0.86 Jcm
-2
,
 
in ambient environments of (a) vacuum (10
-3
 mbar), (b) Ar and (c) O2 ambient at a 
pressure of 133 mbar. 
Table 4.4: An EDS analysis of the un-irradiated and nanosecond laser irradiated Al targets, at 
a laser fluence of 0.86 Jcm
-2
, in vacuum (10
-3
 mbar) Ar and O2 environment at the pressure of 
133 mbar. 
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Being a non reactive gas, only small number of high energy ions can be diffused through the 
surface. Whereas in case of irradiation in O2 environment, the concentration of Al varies from 99 
(atomic %) to 65 (atomic %) due to enhanced diffusion of atomic O which varies from 1 (atomic 
%) to 35 (atomic %). This diffusion of O can also be observed from the XRD results, where the 
peak broadening is revealed due to more diffusion of oxygen ions. 
4.4.4 XRD Analysis 
Phase identification, the variation in crystallinity, dislocation densities and residual strains on the 
target surface after laser irradiation is determined by XRD technique. Figure 4.31 (a) shows 
XRD patterns of unexposed and exposed samples of Al, for various laser fluences of 0.86, 1, 
1.13 and 1.27 Jcm
-2 
under vacuum condition. The XRD spectrum of unexposed Al sample 
exhibits the presence of (1 1 1), (2 0 0) and (2 2 0) planes orientation (Pattern No. 03-065-2869). 
The crystallite size, dislocation density and residual strains for Al (2 2 0) phase are measured by 
using equations (4.2, 4.3 & 4.4) and are shown in figures 4.31 (b, c & d), respectively. 
The variation in the average peak intensity evaluated for Al (2 2 0) plane is exhibited in figure 
4.31 (a). With the increase of fluence from 0.86 to 1 Jcm
-2
,
 
an increase in the peak intensity is 
observed (figure 4.31a) [163, 177]. Further increase of fluence up to a value of 1.13 Jcm
-2
, 
reduction in the peak intensity is observed (figure 4.31 a). This is ascribed to re-crystallization 
phenomenon during re-solidification after melting. The reduction in crystallite size is due to 
increase in peak broadening (figure 4.31 b). The increased peak broadening not only affects the 
crystallite size but it also produces the micro-strains which results in crystal defects and is 
displayed in 4.31(c) [178]. The enhancement in the strains and dislocation line densities (figure 
4.31d) occurs due to laser-induced shock waves and non uniform thermal stresses [128]. Further 
increase of fluence up to a maximum value of 1.27 Jcm
-2
, causes enhancement of average peak 
intensity which is related to the enhanced crystal growth. 
The change in the value of peak intensity, crystallite size, residual strains and dislocation density 
for Al (220) plane reflection due to laser irradiation in Ar for different fluences are revealed in 
Figures 4.32 (a-d), respectively. During laser irradiation process, enough amount of energy is 
delivered to the target, which raises the surface temperature. It causes permanent lattice 
distortion and variation in the d-spacing due to differences in inter atomic distances and thermal 
expansion coefficients  [164].  With the increase of fluence from 0.86 to 1.13 Jcm
-2
, a decrease in 
the peak intensity is observed. This reduction in the peak intensity is related with the re-
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crystallization phenomenon which may occur due to the presence of maximum micro-strains 
(figures 4.32 b-c). 
 
 
 
 
 
 
 
With the increase of fluence from 1.13 to 1.27 Jcm
-2
, both the peak intensity and crystallite size 
of Al (2 2 0) increases with the reduction in micro-strains. This shows that stress relaxation is 
due to the increase in crystallite size which in turn is related to the increase of surface 
temperature during laser irradiation process. Thermal shocks are developed on the target surface 
during laser irradiation and play an important role in the crystal growth. The defect concentration 
Figure 4.31: XRD data of un-irradiated and irradiated Al exposed for 100 pulses of 
nanosecond laser for various fluences of 0.86, 1, 1.13 and 1.27 Jcm
-2
,
 
under vacuum (10
-3
 
mbar) condition (a) the X-ray differactograms, (b) the crystallite size variation, (c) the strain 
variation and (d) the dislocation density variation. 
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(vacancies and grain boundaries) decreases  (figure 4.32 (d)) with increasing crystal growth and 
reduces the generation of micro-strains [186]. 
 
 
 
 
 
 
 
Figure 4.33 (a) shows the XRD diffractograms of un-exposed and exposed Al targets in O2 
environment for various laser fluences of 0.86, 1, 1.13 and 1.27 Jcm
-2
. The XRD spectrum shows 
that Al (2 0 0) phase has been converted to AlO (2 2 0) (Pattern No. 01-075-0278) and newly 
merging peak of θ-Al2O3 (202) [187] is also revealed from figure. Laser induced heating and 
melting cause the oxide-formation and is responsible for re-deposition, which is the basic reason 
for the development of new phases after laser irradiation. Presence of oxygen is also confirmed 
Figure 4.32: XRD data of un-irradiated and irradiated Al exposed for 100 pulses of 
nanosecond laser for various fluences of 0.86, 1, 1.13 and 1.27 Jcm
-2
, in Ar environment at 
133 mbar pressure (a) X-ray differactograms, (b) the crystallite size variation, (c) the strain 
variation and (d) the dislocation density variation. 
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by EDS analysis. The variation in crystallite size, residual strains and dislocation densities 
executed for Al (220) phase (in O2 environment) for various fluences are illustrated in figures 
4.33 (b-d). With the increase of fluence up to 1 Jcm
-2 
the reduction in the peak intensity of Al 
(220) plane reflection along with the reduction in the crystallite size with development of 
maximum strains on the target surface is observed [36]. This is attributable to higher diffusion 
rate of O2 across the grain boundaries and into the interstitial sites. The further increase of 
fluence up to a value of 1.27 Jcm
-2
 an increase in the peak intensity is obtained due to enhanced 
reflection of X-rays.  
 
 
 
 
 
Figure 4.33: XRD data of un-irradiated and irradiated Al exposed to 100 pulses of nanosecond 
laser at different fluences of 0.86, 1, 1.13 and 1.27 Jcm
-2
, in O2 environment at 133 mbar 
pressure, (a) X-ray differactograms, (b) the crystallite size variation, (c) the strain variation 
and (d) the dislocation density variation. 
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 Whereas the crystallite size increases up to a value of 1.13 Jcm
-2
 and decreases with the further 
increase of fluence up to 1.27Jcm
-2
 due to peak broadening caused by enhanced diffusion of O2 
to the interstitial sites. This increase in the peak broadening affects the crystallite size as well as 
the development of microstrain and defect-generation as revealed in figures 4.33 (b-d) [178]. 
XRD data is also used to determine the residual stresses present on the target surface after laser 
irradiation and is observable from figures 4.31 (a), 4.32 (a) & 4.33 (a). The shifting of diffraction 
peaks from their corresponding stress free data indicates the development of residual stresses on 
the target surface after laser irradiation and gaseous ion diffusion. Higher angle shifting in the 
diffraction peaks indicate compressive stresses whereas lower angle shifting indicates the 
presence of tensile residual stresses on the irradiated target surface [167]. Compressive stresses 
are produced due to the gas diffusion whereas tensile stresses are attributed to  laser-induced 
thermal shocks [122]. SEM results reveal the generation of several kinds of structures such as 
cones and cavity-formation on the irradiated surface (figures 4.25, 4.27 & 4.29). Presence of 
tensile stresses are the basic cause for formation of cavities, whereas the formation of cones is 
related with relaxation of compressive stresses [168, 188]. 
 
 
104 
 
Part (b): Ablation mechanisms in metals by employing femtosecond laser  
The second part of this dissertation is related with the study of ablation mechanisms in metals by 
employing femtosecond laser. 
4.5 Calculations for ablation threshold fluence for femtosecond laser pulses  
Calculating threshold fluence in case of ultra-short pulsed laser irradiation is very essential 
parameter. Single pulse ablation threshold depends on physical and thermal properties of 
material. For the calculation of ablation threshold graphs between the squared spot diameter (D
2
) 
and variation in pulse energy for single and 100 pulses were plotted for all materials S.S, Ti and 
Al in both environments (vacuum and O2) (In case of femtosecond laser irradiation, due to 
unavailability of Ar gas at TU, Wien the experiments in Ar environment could not be 
performed). The spot diameter was measured by using SEM analysis (not shown for single 
pulse). The focused beam spot size (ωf) was determined from the slope of the linear fit.  
For Gaussian beam profile, lateral precision of the ablation depends on several laser and material 
related parameters. A straightforward relationship can be derived between the diameter of an 
ablated crater D, and the material dependent surface damage threshold energy Eth, the laser 
dependent Gaussian beam radius,    (1/e
2
), and the peak energy/fluence in the beam (E) [189]. 
For the calculation of ablation threshold Energy, the diameter, D, of an ablated crater is related to 
the peak energy by equation 4.5. 
      
     
 
   
      4.5 
The threshold energy (Eth) was determined by extrapolating, D
2
 to zero. The  ablation threshold 
fluence was calculated by  using the following equation [189]. 
    
    
    
    4.6 
The incubation coefficient has been evaluated by using following power law [141]. 
                        Fth (N) = Fth (1) N
S−1
            4.7 
Where, Fth (N) is threshold fluence for N number of laser pulses (100 in present case), Fth (1) is 
the single-pulse ablation threshold fluence and S is the incubation coefficient.  
The peak fluence of the focused laser beam was calculated by using equation 4.8 and is listed in 
table 4.5. 
     
  
    
    4.8 
Here   is the peak fluence, E is the pulse laser energy and     is the slope of D
2
 versus E graph. 
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Laser Energy (µJ) Fluence (Jcm
-2
) 
20 0.38 
30 0.57 
40 0.86 
50 1 
60 1.13 
70 1.27 
80 1.52 
130 2.47 
180 3.42 
230 4.37 
 
4.6 Ablation mechanisms in S.S by employing femtosecond laser in different 
ambient environments (vacuum & O2) 
4.6.1 SEM Analysis 
Ultrafast laser pulse interaction with matter, leads to the formation of self-organized micro/nano 
structures (LIPSS, cones, cavities) on the target surface. SEM images in figure 4.34 reveal the 
variation in the surface structuring of S.S for various laser fluences (a) 0.86, (b) 1, (c) 1.13, (d) 
1.27, (e)1.52, (f) 2.47, (g) 3.42, (h) 4.37  Jcm
-2
 and
 
(i) full view for the fluence value of 4.37  
Jcm
-2
,
 
after irradiation with 100 number of laser pulses under vacuum condition (10
-3
 mbar). 
Various features, like, micro and nano scale LIPSS (ripples), cones and cavities are observed on 
the surface of the irradiated S.S. From literature it can be inferred that the nano scale ripples are 
oriented perpendicular to the direction of polarization of laser beam, while the microscale ripples 
are oriented parallel to the linear polarization of the incident laser beam [102-103, 190]. 
Formation of nano scale ripples is revealed for almost all laser fluences, however for lower 
fluences ranging from 0.86 to 1.52 Jcm
-2
, formation of nano scale ripples is observed for both 
central and peripheral ablated areas. However for fluence range of 2.47 to 4.37 Jcm
-2
, nano-
Table 4.5: Various fluences used in experiments corresponding to various pulse energies of 
femtosecond laser. 
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ripple formation is observed only at peripheries but not in the central ablated area, as shown in 
figure 4.34 (i). In this fluence range (2.47 to 4.37 Jcm
-2
) additional features like, microscale 
ripples, conical structures and cavities are observed in central ablated area of S.S, as shown in 
the figure 4.34. The average spacing of microripples (1µm) is higher than the incident laser 
wavelength (figure 4.34 (f)). In higher fluence range i.e. from 3.42 to 4.37 Jcm
-2 
micro scale 
ripples are completely disappeared, only the existence of microconical structures and cavities is 
exhibited in figures 4.34 (g-h). This implies that there is a certain window for both nano and 
microscale ripples, below that window, these structures are not formed and above that window 
they are destroyed. However, the value of threshold fluence for the formation of nanoripples is  
smaller than microripples, that is compatible with literature [63, 104]. This is the reason that  the 
nanoripples for higher fluences are grown only at the outer boundary, where the fluences are 
smaller than that of fluences at central areas and is due to Gaussian distribution of the laser beam 
and is revealed in figure 4.34 (g-h). 
Fast Fourier Transform (FFT) was employed for detailed topological analysis (periodicity 
measurement) of nanoripples with more accuracy under vacuum condition. In FFT the broad 
range of the grating periods correspond, to the large number of spatial Fourier harmonics of the 
final nano-relief [191]. Magnified view of nano-LIPSS formation of only figure 4.34 (a) is 
shown in figure 4.35 (a). The 2D-FFT image of figure 4.34 (a) is shown in figure 4.35 (b). 
However, the plot for variation in periodicity for various laser fluences is revealed in figure 4.35 
(c). The periodicity of nano ripples decreases from 680 nm to 580 nm with the increase of 
fluence from 0.86 to 4.37 Jcm
-2 
(figure 4.35 c). The enhanced surface roughness causes increase 
in modulus of surface plasmon wave vector. It corresponds to an increase in real part of 
refractive index of material surface. This increase in refractive index for propagating surface 
plasmons, can cause a reduction in LIPSS period [192-193]. 
Formation mechanisms behind nano ripples are proposed such as self-organization [190], the 
second harmonic generation (SHG) or excitation of surface plasmons (SPs) [100].  For S.S alloy 
in ultra fast regime the interaction and relaxation processes during laser irradiation leads to the 
formation of nano LIPSS. Irradiating a metal (S.S) with significantly shorter laser pulse can lead 
to a considerable rise in temperature of the electrons, as compared to the ionic lattice. After 
several picoseconds a new thermal equilibrium is reached, when the inelastic collisions between 
excited electrons and phonons have transferred their energies among them. In consequence the 
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thermal transport properties and especially the electron-phonon coupling factor is a fundamental 
parameter that leads to the relaxation process. If one assumes that S.S has iron like properties, so 
it can be supposed that it has an electron-phonon coupling factor very high at room temperature 
(20 times Al) [194].  
 
 
 
 
 
 
Figure 4.34: SEM images revealing the variation in the surface morphology of S.S after 
ablation by 100 pulses of femtosecond laser at wavelength of 800 nm, pulse duration of 30 
femtosecond and repetition rate of 1KHz for various fluences  of (a) 0.86, (b) 1, (c) 1.13, (d) 
1.27, (e)1.52, (f) 2.47, (g) 3.42, (h) 4.37  Jcm
-2
 and
 
(i) full view of ablated region for a fluence 
value  of 4.37 Jcm
-2 
under vacuum (10
-3
 mbar) condition. 
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Electron-phonon coupling strength determines the balance between energy coupling and hot 
electron diffusion during femtosecond laser excitation. Competition between these two ultra fast 
dynamical processes may decide the formation and distinctness level of  LIPSS [194]. 
The formation mechanism behind microripples can be explained on the basis of rapid heating 
and cooling of surface layer under plasma pressure and gradients, in thermodynamic parameters. 
Figure 4.35: (a) Magnified view of nano-LIPSS formation of figure 4.34 (a), (b) Two 
dimensional Fast Fourier Transform (FFT) spectra of figure 4.34 (a) and (c) The variation in 
periodicity of nano-LIPSS for various fluences using FFT after ablation of S.S under vacuum 
(10
-3
 mbar) condition by 100 pulses of femtosecond laser at wavelength of 800 nm, pulse 
duration of 30 femtosecond and repetition rate of 1KHz. 
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Laser induced cavities can serve to compress the laser induced plasma and therefore can initiate 
an extreme non-equilibrium state followed by self organization  that results in the formation of 
micro ripples [195].  
The formation of cavities under compressed plasma flow can be related to the violent boiling and 
bubble formation in the superheated liquid layer. Due to the turbulence and thrust of the boiling 
bubbles inside the liquid layer followed by a rapid cooling leads to the formation of cavities and 
frozen melt in the form of micro-conical structures [196].  
Figure 4.36 reveals the variation in the surface structuring of S.S for various laser fluences of (a) 
0.86, (b) 1, (c) 1.13, (d) 1.27, (e) 1.52, (f) 2.47, (g) 3.42, (h) 4.37 Jcm
-2
 and
 
(i) full view for the 
fluence value of 4.37 Jcm
-2 
after irradiation with 100 number of laser pulses in O2 ambient, at a 
pressure of 133 mbar. The formation of both nano and micro LIPSS similar as in case of vacuum 
(figure 4.33 & 4.35), is observed. Appearance of nano scale LIPSS on irradiated S.S surface is 
observed for all laser fluences. However, for the lower fluence range i.e., between 0.86 to 1.27 
Jcm
-2
, the formation of LIPSS is observed at the central as well as for peripheral ablated areas.  
While for higher fluence regime ranging between 1.52 to 4.37 Jcm
-2
, nano-ripples are not formed 
in the central ablated area and are only observed at inner boundary. 
In this fluence range (1.52 to 4.37 Jcm
-2
) additional features like, micro-scale ripples, conical 
structures and cavities are also observed at central ablated area of S.S. However, the nano-ripples 
are formed only at the inner boundaries of modified surface. With the increase of fluence up to 
2.47 Jcm
-2
, enhancement in the average spacing of micro-ripples up to 1.5 µm  is revealed in the 
figure 4.36 (f).  In the range of higher fluence from 3.42 to 4.37 Jcm
-2 
micro scale ripples are 
completely disappeared, only the existence of microconical structures and cavities is exhibited in 
figure 4.36 (g-h). Whereas the formation of nano ripples at the peripheries can be seen, from 
magnified view of at the inset of figure 4.36 (i).   
A comparison of figure 4.34 and 4.36 for two environments i.e. for vacuum and O2 shows that 
the threshold fluence value for microstructure formation in case of O2 is smaller, as compared to 
vacuum. The confinement effects of gaseous environment, causes an enhancement in the thermal 
energy coupling that may help to accelerate the formation of these surface structures [193]. 
Fast Fourier Transform (FFT) was also employed for periodicity measurement of nano-ripples in 
O2 environment. Magnified view of nano-LIPSS formation of figure 4.36 (a) is shown in figure 
4.37 (a), the 2D-FFT image of only figure 4.36 (a) is shown in figure 4.37 (a). However, the plot 
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for the variation in periodicity for various laser fluences in O2 environment is revealed in figure 
4.36 (b). The periodicity of nano ripples decreases from 630 nm to 515 nm with the increase of 
fluence from 0.86 to 4.37 Jcm
-2
 (figure 4.37 b). 
 
 
 
 
 
 
 
 
 
Figure 4.36: SEM images revealing the variation in the surface morphology of S.S after 
ablation by 100 pulses of femtosecond laser at wavelength of 800 nm, pulse duration of 30 
femtosecond and repetition rate of 1KHz for different fluences of  (a) 0.86, (b) 1, (c) 1.13, (d) 
1.27, (e)1.52, (f) 2.47, (g) 3.42, (h) 4.37  Jcm
-2
,
 
(i) full view of ablated region for a fluence 
value of 4.37 Jcm
-2
, in O2 at a pressure of 133 mbar. 
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The comparison of periodicity in both environments (vacuum & O2) shows that the periodicity 
value of LIPSS is higher in case of vacuum as compared to O2 environment.  In case of vacuum 
the periodicity of ripples decreases from 680 nm to 580 nm, whereas in case of O2 the periodicity 
value reduces from 630 nm to 515 nm. This shows that comparatively fine ripples with slightly 
less periodicity are formed in O2 environment as compared to vacuum condition. 
 
 
 
 
 
 
 
Figure 4.37: Magnified view of nano-LIPSS formation of figure 4.36 (a), (b) Two dimensional 
Fast Fourier Transform (FFT) spectra of figure 4.36 (a) and (c) The variation in periodicity of 
nano-LIPSS for various fluences using FFT after ablation of S.S in O2 by 100 pulses of 
femtosecond laser at wavelength of 800 nm, pulse duration of 30 femtosecond and repetition 
rate of 1KHz. 
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Presence of ambient environment, sample quality (defect density, surface roughness) and 
specific processing conditions (laser fluence and number of pulses) affect the formation of 
LIPSS on S.S. As the intensity of surface plasmons show their maximum at the surface of 
material after laser irradiation.  
So the quality of ripples depends on the surface roughness of irradiated target. In the case of 
dense ambient environment the surface roughness becomes less. Therefore, under same 
irradiation conditions (number of pulses & fluence variation) the ablation in a dense medium 
allows one to achieve fine quality ripples [193]. 
4.6.2 Quantitative Analysis 
4.6.2.1 Ablation threshold fluence and incubation factor 
During laser matter interaction the ablation threshold fluence and incubation factor play an 
important role and are important considerations to understand the origin of ablation. The ablation 
threshold and the incubation factor for S.S targets were determined for single (images are not 
shown for single pulse) and multiple (100) laser pulses (images are shown in figure 4.38). The 
irradiation was performed under vacuum and O2 environments for various laser fluences of 0.38, 
0.57, 0.86, 1, 1.13, 1.27, 1.52, 2.47, 3.42 and 4.37 Jcm
-2
. The threshold fluence and the 
incubation factors were calculated by measuring the spot diameter from the SEM images of the 
exposed targets.  
Figures 4.38 (a-d) show the variations in the squared spot diameter (D
2
) as a function of the pulse 
energy, for single (a, c) and multiple pulses (b, d) irradiation under both ambient conditions. The 
spot diameter was determined by using SEM images. The ablation threshold energy (Eth) was 
explored by extrapolating D
2
 to zero. Equation (4.6) was utilized for the calculation of ablation 
threshold fluence of irradiated targets [189]. List of calculated ablation threshold fluence values 
for single and multiple (100) pulses and incubation coefficients for both ambient environments is 
given in table 4.6. From tabular data it is clear that the value of ablation threshold fluence in O2 
environment is smaller as compared to vacuum. This is associated with enhancement in the 
thermal energy coupling during laser ablation which is  more dominant in a gaseous medium 
than vacuum [24]. The other important factor responsible for smaller value of  ablation threshold 
in O2 is the confinement effect that enhances collisions among the ablated species and the 
molecules of gas [25]. 
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In the presence of reactive gas, the high temperature and pressure in the plume yield the 
formation of gas molecule radicals. Reactions between ablated species and  gas radicals promote 
the condensation phenomenon and introduce a faster structure growth as a result of which 
ablation threshold is reduced [25].  
The incubation process i.e. N-on-one, accumulation effect causes the reduction in ablation 
threshold value with the increasing number of pulses from single to multiple (N). In case of 
metals, accumulation process is illustrated by the energy storage through thermal stress-strain 
[197]. The incubation coefficient is determined by using equation (4.7) [141]. 
 
 
 
 
Figure 4.38: Plot of squared spot diameter (D
2
) versus the logarithm of the laser pulse energy 
under vacuum (10
-3
 mbar) for (a) single pulse, (b) 100 pulses, and in O2 environment at 133 
mbar pressure for (c) single pulse and (d) for100 laser pulses. 
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The incubation co-efficient (0 < S ≤ 1 ) characterizes the extent to which an incubation occurs in 
the material. For metals the typical value of S lies between 0.8 and 0.9 [198]. Evaluated value of 
the incubation coefficient was calculated by using equation (4.7) from our performed work on 
S.S is 0.81 and 0.86 under vacuum condition and in O2 environment, respectively (Table 4.6). 
4.6.3 EDS Analysis 
Chemical analysis of the unirradiated and femtosecond laser irradiated S.S targets for various 
laser fluences of  0.86, 1.13, 2.47, 4.37 Jcm
-2 
from minimum to maximum,
 
under vacuum 
condition and in O2 environment at pressure of 133 mbar is illustrated in table 4.7. All the 
presented data in table 8 is with percentage error of about ±5. The variation in the elemental 
composition in both environments can be seen from table (4.7). The value of carbon content is 
decreased from 9% to 3% under vacuum condition from minimum to maximum value of fluence, 
while the content of Fe is increased from 60% to 70% and a slight variation in Cr & Ni content 
i.e. 18% to 19% & 7% to 8% is observed. Photothermal, photophysical and photochemical 
response, of every element (C, Si, S, Cr, Mn, Fe and Ni) of S.S alloy after laser irradiation is 
different. During multipulse irradiation a non-uniform energy deposition causes the formation of 
LIPSS, cones and cavities on the femtosecond laser irradiated S.S surface (figure 4.34 & 4.36).  
After irradiation in O2 environment a small content of atomic diffusion of oxygen (3% to 5%) is 
also observed along with the variation in elemental composition. Adsorption of reactive gas 
atoms to the interstitial cites is related with the recoil pressure of laser-induced plasma, [174-
175]. 
Threshold Fluence (   ) Under Vacuum condition 
(10
-3
 mbar) 
In O2 (133 mbar Pressure) 
   (1) Jcm
-2
 0.19 0.11 
   (100) Jcm
-2
 0.08 0.06 
Incubation Co-efficient 0.81 0.86 
Table 4.6: The calculated values of ablation threshold fluence and incubation coefficient of  S.S, 
for single and multiple (100) pulses, for both ambient conditions (vacuum and O2) after ablation 
by femtosecond laser at wavelength of 800 nm, pulse duration of 30 femtosecond and repetition 
rate of 1KHz. 
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Elements  0.86 Jcm
-2
 1.13 Jcm
-2
 2 .47 Jcm
-2
 4.37 Jcm
-2
 
 Untreated Under 
Vacuum 
In 
Oxygen 
Under 
Vacuum 
In 
Oxygen 
Under 
Vacuum 
In 
Oxygen 
Under 
Vacuum 
In 
Oxygen 
C 9 6 3 6 4 5 2 3 5 
O - - 5 - 3 - 3 - 4 
Si 1 1 1 1 0.6 1 0.5 1 1.6 
S 0.85 - - 0.6 0.5 1 0.5 - 0.8 
Cr 18 19 19 18 14 16 23 19 17 
Mn 3 3 2 4 3 3 2 3 4 
Fe 60 63 62 64 70 67 64 66 61 
Ni 7 8 8 6 5 7 5 8 6 
 
Comparison of EDS results after nanosecond and femtosecond laser ablation shows that the 
diffusion of atomic oxygen is maximum (40%) in case of nanosecond laser ablation. While after 
femtosecond laser ablation it was about 4%. As in case of nanosecond laser ablation the lattice 
heating time is less than the laser pulse duration so the thermal processes are more dominant, that 
causes enhancement in defect generation and enhanced diffusion of oxygen. 
4.6.4 XRD Analysis 
The phase analysis of unirradiated and laser irradiated S.S samples, was performed by using 
XRD analysis. X- Ray Diffractograms of the unirradiated and femtosecond laser irradiated S.S, 
for various laser fluences 0.86, 1.13, 2.47 and 4.37 Jcm
-2
, under vacuum condition are shown in 
Figure 4.39 (a). The XRD spectra of unirradiated sample shows different phases of face centered 
cubic (fcc) austenitic stainless steel (-Fe phase) and body centered cubic (bcc) ferritic iron (α-Fe 
phase). The XRD patterns show the presence of diffraction peaks related to -Fe phase 
corresponding to (111), (200) and (220) plane reflections, whereas -Fe phase having plane 
reflection (110) and Cr5S6 (104) (Pattern No. 00-010-0345) are also revealed in figure 4.39.  The 
XRD patterns of the femtosecond laser irradiated S.S do not show formation of new phases, for 
Table 4.7: An EDS analysis of the unirradiated and femtosecond laser-irradiated targets of S.S, 
for maximum value of fluence (4.37 Jcm
-2
) under vacuum (10
-3
 mbar) and in O2 environment 
at pressure of 133 mbar for 100 pulses of femtosecond laser. 
 
116 
 
low fluence regime i.e., 0.86 and 1.13 Jcm
-2
. It shows that the residual thermal stresses were not 
enough to create new reflection planes [199].  
While for fluence value of 2.47Jcm
-2
 a new phase of Ni-Cr-Fe (211) with smaller intensity is 
observed. This is related to more energy deposition due to incorporation of energetic ions and 
raises the surface temperatures which results in the development of new phases.  The variation in 
peak intensity, crystallite size, strain induced on the sample surface and dislocation density for -
Fe (111) are revealed in figure 4.39 (a-d), respectively after laser irradiation [162]. The variation 
in the peak intensity may be related with the motion of planes to the strained and unstrained 
positions, with the generation of defects and lattice imperfections inside the crystal and variation 
in the crystallite size [128].  
With the increase of fluence up to  0.86 to 1.13 Jcm
-2 
the enhanced peak intensity is caused by 
the enhancement of X-rays diffraction from target surface, due to enhanced crystal growth and 
reduction of residual strains (figures 4.39 a-c)  [163, 177]. Further increase of fluence up to a 
value of 2.47 Jcm
-2
, the reduction in the peak intensity along with reduced crystallite size and 
enhanced residual strains is observed.  The further increase of fluence up to a maximum value of 
2.47 Jcm
-2
 causes enhancement of peak intensity which is related to the enhanced crystal growth 
due to maximum energy deposition which causes reduction in residual strains and dislocation 
line density (figure 4.39 a-d).  
Figure 4.40 shows the XRD spectra of femtosecond laser irradiated S.S treated in oxygen 
environment for various laser fluences 0.86, 1.13, 2.47 and 4.37 Jcm
-2
 (from minimum to 
maximum). The phases observed after irradiation in O2 are same as observed under vacuum 
condition but only differ in peak intensity value. Also Cr5S6 (104) converts to Cr2O12S3 (21-2) 
phase (Pattern No. 01-081-1834) for all fluence values (presence of oxygen is also confirmed 
from EDS analysis). However, a rise in surface temperature due to energy deposition during the 
ablation process is associated with the formation of new phases of oxides [200]. Whereas, the 
intensity of -Fe (1 1 1) phase decreases with the increase of fluence from 0.86 to 4.37 Jcm
-2
. 
This is caused due to reduced crystallite size and enhanced dislocation density and residual 
strains.  
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The comparison of nanosecond (4.8, 4.10) and femtosecond (4.39, 4.40) laser ablation of S.S 
shows that after ablation with femtosecond lasers new phases of Cr-Ni-Fe and Cr5S6 (104) are 
observed in higher fluence regime at fluence of 2.43 and 4.37 Jcm
-2
, under vacuum condition. 
While in case of nanosecond laser ablation no new peaks were observed on the irradiated target 
surfaces. In case of O2 ambient -Fe phase is converted to -Fe (O) after nanosecond laser 
ablation. Whereas, in case of femtosecond laser ablation -Fe remains the same, as no significant 
peak shifting is observed and one new peak of Cr2O12S3 (2 1 -2) is observed after laser 
irradiation. 
 
 
Figure 4.39: XRD data of unirradiated and irradiated S.S with 100 pulses of femtosecond 
laser for various fluences of 0.86, 1.13, 2.47 and 4.37 Jcm
-2 
under vacuum (10
-3
 mbar) 
condition (a) X-ray differactograms, (b) the crystallite size variation, (c) the strain variation 
and (d) the dislocation density variation. 
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Figure 4.40: XRD data of unirradiated and irradiated S.S with 100 pulses of femtosecond laser 
for various fluences of 0.86, 1.13, 2.47 and 4.37 Jcm
-2 
in ambient environment of O2 at 133 mbar 
pressure (a) X-ray differactograms, (b) the crystallite size variation, (c) the strain variation and 
(d) the dislocation density variation. 
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4.7 Ablation mechanisms in Ti by employing femtosecond laser in different 
ambient environments (vacuum & O2) 
4.7.1 SEM Analysis 
SEM micrographs in figure 4.41 show the magnified view of modified surface of Ti for various 
laser fluences of (a) 0.86, (b) 1, (c) 1.13, (d) 1.27, (e)1.52, (f) 2.47, (g) 3.42, (h) 4.37  Jcm
-2
 and
 
(i) full view for the fluence value of 4.37  Jcm
-2 
 after irradiation with 100 number of laser pulses 
under vacuum condition. Various features, like, craters, cones and LIPSS (ripples) are observed 
on the surface of the irradiated Ti. Ripples formed on the irradiated Ti surface are of two kinds 
i.e. micro and nano scale. Nano scale ripples are observed for all laser fluences, however for 
lower fluences ranging from 0.86 to 1.13 Jcm
-2
, formation of nano scale ripples is observed in 
the central as well as for peripheral ablated areas (figure 4.41 a-c). However for higher fluences 
ranging from 1.27 to 4.37 Jcm
-2
, nanoripples are not formed in the central ablated area and are 
only observed at peripheries. In the central ablated area of Ti for this fluence regime, additional 
features including microscale ripples, conical structures and cavities are also observed as 
revealed in the figure 4.41. The average spacing of micoripples is about 2 µm, which is 
significantly greater than the incident laser wavelength (figure 4.41 (d)) and also higher than S.S. 
In the higher fluence range from 2.47 to 4.37 Jcm
-2 
(figure 4.41 f-h) micro scale ripples are also 
vanished completely and only microconical structures and cavities remain visible.  However, the 
threshold fluence for the formation of nanoripples is  smaller than microripples and this 
information is compatible with previously reported work by many research groups [63, 104].   
For precise measurement of nanoripples formed on Ti surface, Fast Fourier Transform (FFT) was 
employed for all fluences. The enlarged SEM view of nano-ripples formation of figure 4.41 (a) is 
shown in figure 4.42 (a), figure 4.42 (b) corresponds to 2D-FFT image for figure 4.41 (a) and 
figure 4.42 (c) reveals the variation in periodicity of nano-LIPSS for various laser fluences. The 
periodicity of nano ripples reduces from 700 nm to 490 nm with the increase of fluence from 
0.86 to 4.37 Jcm
-2 
(figure 4.42 c). The reduction in the periodicity can be attributed to the 
increasing refractive index of the Ti after enhancement of surface roughness due to laser 
irradiation that significantly affects the propagation of surface plasmons [192]. 
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Figure 4.41: SEM images revealing the variation in the surface morphology of Ti after 
ablation by 100 pulses of femtosecond laser at wavelength of 800 nm, pulse duration of 30 
femtosecond and repetition rate of 1KHz for various fluences of (a) 0.86, (b) 1, (c) 1.13, (d) 
1.27, (e)1.52, (f) 2.47, (g) 3.42, (h) 4.37  Jcm
-2
 and
 
(i) full view of ablated region for a fluence 
value  of 4.37 Jcm
-2 
under vacuum (10
-3
 mbar) condition.  
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The generation of nanoripples can be explained on the basis of Surface Plasmons (SP’s)  theory 
or parametric instability [100]. During laser irradiation, first few pulses of laser enhance the 
surface roughness of the target material.  Non-uniform free electron density due to this surface 
roughness plays a significant role in the development of nano scale ripples [105]. Formation of 
nanoripples can be explained on the basis of a parametric decay Stimulated Raman Scattering 
(SRS) model [63]. The plasma wave travels slowly, at a speed less than 10
-2
 times then the speed 
Figure 4.42: (a) Enlarged SEM view of nano-ripples formation of figure 4.41 (a), (b) Two 
dimensional Fast Fourier Transform (FFT) spectra of figure 4.41 (a) and (c) The variation in 
periodicity of nano-LIPSS for various fluences using FFT after ablation of Ti under vacuum 
(10
-3
 mbar) by 100 pulses of femtosecond laser at wavelength of 800 nm, pulse duration of 30 
femtosecond and repetition rate of 1KHz. 
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of light and an ion-enriched local area appears. Before the next peak of an electron wave arrives, 
ions experience a strong Coulomb repulsive force causing a CE. Through this process periodic 
ripple structures are formed [63].  
SEM images of figure 4.43 show the magnified view of modified surface of Ti for various laser 
fluences of ((a) 0.86, (b) 1, (c) 1.13, (d) 1.27, (e) 1.52, (f) 2.47, (g) 3.42, (h) 4.37 Jcm
-2
 and (i) 
full view for the fluence value of 4.37 Jcm
-2
 after irradiation with 100 number of laser pulses in 
O2 environment at a pressure of 133 mbar. The formation of both nano and micro LIPSS is 
observed. They are similar in appearance of ripples as has been observed under vacuum 
condition (figure 4.41 & 4.43). Nano scale ripples are observed for all laser fluences. For lower 
fluences ranging from 0.86 to 1 Jcm
-2
, formation of these structures is observed for both central 
as well as for peripheral ablated areas (figure 4.43 a-b). 
However, for higher fluences ranging from fluence 1.13 to 4.37 Jcm
-2
, nanoripples are not 
formed in the central ablated area and are only observed at peripheries (figure 4.43 i). In the 
central ablated area of Ti, for this fluence regime, additional features including microscale 
ripples, conical structures and cavities are also observed. For the fluence regime 1.13 to 1.27 
Jcm
-2
,  microscale ripples with an average periodicity of 1µm , conical structures and cavities are 
clearly visible in figure 4.43 (c-d). Further increase in fluence from 2.47 to 3.42 Jcm
-2
,
 
the 
density of observed conical structures and cavities increases and micro scale ripples are 
vanished. At the maximum fluence of 4.37 J.cm
-2
 the density of micro-conical structures and 
cavities again decreases as is shown in figure 4.43(h).  
The comparison of two ambient environments of vacuum and O2 (figure 4.41 & 4.43), shows 
that the threshold fluence for microstructure formation in case of O2, is smaller as compared to 
vacuum, as has been observed in case of S.S ablation experiments.  
Fast Fourier Transform (FFT) has been employed for all fluences in order to measure the 
variation in periodicity of nano ripples on irradiated Ti surface in O2 ambient. The enlarged SEM 
view of nano-ripples formation of figure 4.43 (a) is shown in figure 4.44 (a), (b) corresponds to 
2D-FFT image for figure 4.43 (a), and figure 4.44 (c) shows the variation in periodicity of nano-
LIPSS for various laser fluences. The value of periodicity of ripples reduces monotonically from 
640 nm to 410 nm, with the increase of fluence from 0.86 to 4.37 Jcm
-2
 and is plotted in the 
graph of figure 4.44 (c).  
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Figure 4.43: SEM images revealing the variation in the surface morphology of Ti after ablation 
by 100 pulses of femtosecond laser at wavelength of 800 nm, pulse duration of 30 
femtosecond and repetition rate of 1KHz for different fluences of  (a) 0.86, (b) 1, (c) 1.13, (d) 
1.27, (e)1.52, (f) 2.47, (g) 3.42, (h) 4.37  Jcm
-2
,
 
(i) full view of ablated region for a fluence 
value of 4.37 Jcm
-2
, in O2 at a pressure of 133 mbar. 
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It is found that both environments (vacuum & O2) play a significant role in Ti ablation as well as 
for the growth and periodicity of LIPSS. In case of vacuum the periodicity of ripples varies from 
700-490 nm, whereas in case of O2 the periodicity varies between 640 to 410 nm. This shows 
that comparatively fine ripples with slightly less periodicity are formed in O2 environment as 
compared to vacuum condition.  The possible reason for this observation is explainable on the 
basis of confinement effects of O2 (at a pressure of 133 mbar) which prevent the free expansion 
of plume and chaotic movement of ejected material during laser ablation and serves for the 
Figure 4.44: (a) Enlarged SEM view of nano-ripples formation of figure 4.43 (a), (b) Two 
dimensional Fast Fourier Transform (FFT) spectra of figure 4.43 (a) and (c) The variation in 
periodicity of nano-ripples for various fluences using FFT after ablation of Ti in O2 by 100 
pulses of femtosecond laser at wavelength of 800 nm, pulse duration of 30 femtosecond and 
repetition rate of 1KHz. 
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fixation of surface waves, in a well defined manner [193]. This confinement can induce more 
energy and pressure [201] as compared to vacuum and consequently, fine nanoripples with 
smaller periodicity are grown which is also compatible with results presented in figure (4.42 & 
4.44).  
Comparison of two metals i.e. S.S and Ti shows that the threshold for micro-structuring for the 
case of S.S is higher than Ti. In case of vacuum the micro-structuring of S.S starts for a fluence 
value of 2.47 Jcm
-2 
(figure 4.34 f) and in case of Ti it starts at 1.27 Jcm
-2 
(figure 4.40 d). While in 
case of O2 environment the threshold value for micro-structuring of S.S is about 1.52 Jcm
-2 
(figure 4.36 e) and for Ti is 1.13 Jcm
-2 
(figure 4.43 c). This is directly related with the ablation 
threshold and optical penetration depth of femtosecond lasers on the material surface (table 4.8). 
4.7.2 Quantitative Analysis 
4.7.2.1 Ablation threshold fluence and incubation factor  
In order to evaluate the ablation threshold and the incubation factor, the Ti targets were exposed 
to single as well as 100 laser pulses. The irradiation was performed under vacuum and O2 
environment for different pulse energies. The threshold fluence and the incubation factors were 
then calculated from the SEM images of the exposed targets. Graphs in figure 4.45 (a-d) show 
the variation in the squared spot diameter (D
2
) as a function of the pulse energy for single (a, c) 
and 100 pulses (b, d) in both environments.  
The spot diameter was measured by using SEM images (not shown for single pulse). The 
focused beam spot size (ωf) was determined from the slope of the linear fit (figure 4.45). The 
threshold energy (Eth) was determined by extrapolating the D
2
 to zero. The  ablation threshold 
and incubation coefficient fluence was calculated by using the equation (4.6 & 4.7) and are listed 
in table 4.8 [141, 189].  
4.7.3 EDS Analysis  
Chemical analysis of the unirradiated and femtosecond laser irradiated Ti targets at a laser 
fluence of 4.37 Jcm
-2 
under vacuum condition and in the presence of O2 at 133 mbar pressure is 
illustrated in table 4.9. A percentage error of about ±5 % is present in all the tabular data. The 
untreated target of Ti consist of 94% Ti and 6% Al.  
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Threshold Fluence (   ) Under Vacuum condition In O2 (133 mbar Pressure) 
   (1) Jcm
-2
 0.13 0.093 
   (100) Jcm
-2
 0.06 0.048 
Incubation Co-efficient 0.83 0.85 
Table 4.8: The calculated values of ablation threshold fluence and incubation coefficient of  Ti, 
for single and multiple (100) pulses, for both ambient conditions (vacuum and O2) after ablation 
by femtosecond laser at wavelength of 800 nm, pulse duration of 30 femtosecond and repetition 
rate of 1KHz. 
Figure 4.45: Plot of squared spot diameter (D
2
) versus the logarithm of the laser pulse energy 
under vacuum (10
-3
 mbar) for (a) single pulse, (b) 100 pulses, and in O2 environment at 133 
mbar pressure for (c) single pulse and (d) for100 laser pulses. 
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After irradiation under vacuum condition, the Al content reduces to 2 % with the increased Ti 
content up to 98%. Whereas, during irradiation in O2 environment 15% content of O is found. 
The recoil pressure of laser-induced plasma enhances the diffusion of reactive gas atoms to the 
interstitial cites due to adsorption of atomic oxygen [174-175]. 
 
 
 
 
 
 
 
 
 
4.7.3 XRD Analysis 
In order to explore the structural changes in the ablated Ti the XRD analysis was performed. 
Figure 4.46 (a) shows X- Ray Diffractograms of the unirradiated and of laser irradiated Ti 
exposed for various laser fluences 0.86, 1.13, 2.47 and 4.37 Jcm
-2
, under vacuum condition. In 
case of unirradiated Ti,  hexagonal phases of Ti (100), (002), (101), (102), (110), (103), (112) 
and (201) (Pattern No. 01-089-2959) are identified. The XRD patterns of the irradiated Ti do not 
show formation of new phases [199].  
Equations (4.2, 4.3 & 4.4) are utilized for calculation of crystallite size, dislocation density and 
residual strains for Ti (1 0 1) phase and are presented in figures 4.46 (b, c & d), respectively. 
A reduced peak intensity of (101) plane is observed with the increase of fluence from 0.86 to 
1.13 Jcm
-2
, due to reduced crystallite size and enhanced structural defects caused by enhanced 
strains in the planes, after laser irradiation. While with the further increase of fluence the peak 
intensity increases with enhanced crystallite size and reduced dislocation density caused by the 
motion of planes to unstrained positions. 
Figure 4.47 shows, the XRD data of the unirradiated and irradiated Ti exposed for various laser 
fluences 0.86, 1.13, 2.47 and 4.37 Jcm
-2
, in O2 environment. For the irradiation fluences of 0.86, 
1.13 and 2.47 Jcm
-2 
no new phases are observed, however, for the highest fluence i.e. 4.37 Jcm
-2
, 
Elements Untreated Under Vacuum 
condition (10
-3 
mbar) 
In O2 (133 mbar 
pressure) 
Ti 94 98 88 
Al 6 2 2 
O - - 10 
Table 4.9: The EDS analysis of the unirradiated and femtosecond laser-irradiated targets of 
Ti, for maximum value of fluence (4.37 Jcm
-2
) under vacuum (10
-3
 mbar) and in O2 
environment at pressure of 133 mbar for 100 pulses of femtosecond laser. 
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several new phases of oxide TiO2 (110), Ti3O (201), TiO2 (220), TiO2 (311), TiO2 (320) are 
identified. 
 
 
 
 
 
 
For maximum value of fluence, thermal processes become dominant in case of femtosecond 
lasers which increase the reaction rate between Ti and O. This reaction during the re-
solidification causes the formation of several new phases of Ti oxide. The diffusion of reactive 
gas atoms to interstitial cites increases for this fluence [174]. The presence of O2 for maximum 
fluence is also confirmed from EDS analysis (Table 4.9).  
Comparison of nanosecond (4.8, 4.10) and femtosecond (4.39, 4.40) laser ablation of Ti shows 
that after ablation with femtosecond lasers under vacuum condition no new phases are formed. 
While in case of O2 ambient various new phases of oxide are formed for both lasers. But after 
Figure 4.46: XRD data of unirradiated and irradiated Ti with 100 pulses of femtosecond laser 
for various fluences of 0.86, 1.13, 2.47 and 4.37 Jcm
-2
,
 
under vacuum (10
-3
 mbar) condition 
(a) X-ray differactograms, (b) the crystallite size variation, (c) the strain variation and (d) the 
dislocation density variation. 
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femtosecond laser ablation new phases are formed only for maximum value of fluence i.e. 4.37 
Jcm
-2
. This shows that the only highest fluence value was sufficient for the development of new 
phases on the irradiated Ti targets after femtosecond laser irradiation.  
 
 
 
 
 
 
 
 
Figure 4.47: XRD data of unirradiated and irradiated Ti with 100 pulses of femtosecond laser 
for various fluences of 0.86, 1.13, 2.47 and 4.37 Jcm
-2
,
 
in O2 environment at 133 mbar pressure 
(a) X-ray differactograms, (b) the crystallite size variation, (c) the strain variation and (d) the 
dislocation density variation. 
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4.8 Ablation mechanisms in Al by employing femtosecond laser in different 
ambient environments (vacuum & O2) 
4.8.1 SEM Analysis 
SEM micrographs in figure 4.48 show the surface morphology of femtosecond laser ablated Al 
for various fluences of (a) 0.86, (b) 1, (c) 1.13, (d) 1.27, (e)1.52, (f) 2.47, (g) 3.42 and (h) 4.37  
Jcm
-2
 after irradiation with 100 number of laser pulses under vacuum condition. For the lowest 
value of fluence (0.86 Jcm
-2
) irregular nano-LIPSS covered with nano-protrusions, spherical tips 
and cavities are revealed in figure 4.48 (a). With the increase of fluence to 1.13 Jcm
-2 
these nano-
scale protrusions, nano-cavities, nano-LIPSS become distinct with an appearance of cellular 
structures and nano-rims. These cavities and protrusions are developed randomly over the laser 
ablated region due to non uniform deposition of laser energy having Gaussian beam profile. The 
spatial variation in energy can be described on the basis of, different factors like enhanced 
absorption of energy by laser induced surface defects, spatial in-homogeneity of incident laser 
beam and the interaction between surface plasmons and incoming laser radiation [100]. The laser 
irradiation of metallic target can produce localized melting over the laser ablated region. This 
can generate a temperature gradient in the localized melted zone producing the surface tension 
gradient which can expel liquid around the periphery of localized melted zone. Phenomenon of 
localized heating and temperature gradient cause the generation of cavities, nano-rims and nano-
protrusions after freezing of expelled liquid around the periphery of localized ablated zone as 
revealed in figure 4.48 (a-c) [202]. With the increase of fluence from 1.27 to 4.37 Jcm
-2 
(figure 
4.48 d-h) destruction of
 
cellular structures, enhanced cavity size along with some traces of 
cracking and melting is observed. Laser induced thermal shocks can enhance the cavity size. The 
presence of tensile residual stresses  (also confirmed from XRD analysis) can crack the irradiated 
Al target (Al) surface [167].  
SEM micrographs in figure 4.49 (a) show the view of modified surface of Al for various laser 
fluences of (a) 0.86, (b) 1, (c) 1.13, (d) 1.27, (e) 1.52, (f) 2.47, (g) 3.42 and (h) 4.37 Jcm
-2
 after 
irradiation with 100 number of laser pulses in O2 environment. For the lowest value of fluence 
(0.86 Jcm
-2
) re-deposited clusters of particles and some traces of cavities are observed (figure 
4.49-a). 
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With the increase of fluence from 0.86 Jcm
-2 
to 1.27 Jcm
-2
 the reduction in the size of re-
deposited particles, pores and enhanced cracking are revealed in figure 4.49 (b-d). With the 
further increase of femtosecond laser fluence, successive heating by overlapping laser pulses 
enhances the diffusion of O and melted material atoms into the molten surface, make the 
cracking wider and deeper [119-120].  
Figure 4.48: SEM images revealing the variation in the surface morphology of Al after ablation 
by 100 pulses of femtosecond laser at wavelength of 800 nm, pulse duration of 30 femtosecond 
and repetition rate of 1KHz for various fluences of (a) 0.86, (b) 1, (c) 1.13, (d) 1.27, (e) 1.52, 
(f) 2.47, (g) 3.42 and (h) 4.37 Jcm
-2
, under vacuum (10
-3
 mbar) condition. 
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However, these clusters of particles are covered with irregular nano-LIPSS, nano-protrusions and 
spherical tips (figure 4.49 d, e). With the further increase of fluence from 2.47 to 4.37 Jcm
-2 
(figure 4.49 f-h) due to enhanced melting and diffusion of O destruction of these structures 
(LIPSS & nano-protrusions) is observed.  
Figure 4.49: SEM images revealing the variation in the surface morphology of Al after ablation 
by 100 pulses of femtosecond laser at wavelength of 800 nm, pulse duration of 30 femtosecond 
and repetition rate of 1KHz for different fluences of (a) 0.86, (b) 1, (c) 1.13, (d) 1.27, (e) 1.52, (f) 
2.47, (g) 3.42 and (h) 4.37 Jcm
-2
, in O2 at a pressure of 133 mbar. 
. 
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Comparison of SEM analysis of three metals (S.S, Ti & Al) shows that surface structuring on the 
surface of Al is less distinct and prominent as compared S.S and Ti. This can be related with the 
optical penetration depth of Ti-Sapphire (800 nm) lasers inside the Al (0.74 X 10
-6 
nm) surface is 
less as compared to Ti (0.1937 X 10
-5 
nm) and S.S (for Fe --- 0.1746 X 10
-5 
nm, Fe is major 
content in S.S so we take the penetration depth of Fe). The less penetration depth corresponds to 
less structuring of Al surface after femtosecond laser irradiation. 
4.8.2 Quantitative Analysis  
4.8.2.1 Ablation threshold fluence and incubation factor  
In order to evaluate the ablation threshold and the incubation factor, the Al targets were exposed 
to single as well as multiple (100) laser pulses. The irradiation was performed under vacuum 
condition and in O2 environment for different pulse energies. The threshold fluence and the 
incubation factors were then calculated from the SEM images of the exposed targets.  
 Graphs in figure 4.50 (a-d) show the variation in the squared spot diameter (D
2
) as a function of 
the pulse energy for single (a, c) and 100 pulses (b, d) in both environments. The ablation 
threshold fluence and incubation coefficient (table 4.10) were calculated by  using the equation 
(4.6 and 4.7) [141, 189].  
4.8.3 EDS Analysis 
EDS analysis is performed for chemical analysis of the un-irradiated and irradiated Al targets, at 
a laser fluence of 0.86 Jcm
-2
 in vacuum and O2 environment and is illustrated in table 4.11. In the 
untreated sample of Al a small amount of O is observed, as Al surface is more reactive for 
oxidation. Table 4.11 shows variation in the concentration of Al due to extraction of oxygen after 
irradiation under vacuum condition and inclusion of O after irradiation in O2 environment. 
Whereas in case of irradiation in O2 environment, the concentration of Al varies from 98 (atomic 
%) to 84 (atomic %) due to enhanced diffusion of O which varies from 2 (atomic %) to 16 
(atomic %). This diffusion of oxygen can also be observed from the XRD results, from the 
appearance of broaden peaks. 
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Threshold Fluence (   ) Under Vacuum 
condition (10
-3 
mbar) 
In O2 (133 mbar pressure) 
   (1) Jcm
-2
 0.32 0.11 
   (100) Jcm
-2
 0.15 0.05 
Incubation Co-efficient 0.83 0.82 
Figure 4.50: Plot of squared spot diameter (D
2
) versus the logarithm of the laser pulse energy 
under vacuum (10
-3
 mbar) for (a) single pulse, (b) 100 pulses, and in O2 environment at 133 
mbar pressure for (c) single pulse and (d) for100 laser pulses. 
Table 4.10: The calculated values of ablation threshold fluence and incubation coefficient for 
Al, for single and multiple (100) pulses, for both ambient conditions (vacuum and O2) after 
ablation by femtosecond laser at wavelength of 800 nm, pulse duration of 30 femtosecond and 
repetition rate of 1KHz. 
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4.8.4 XRD Analysis 
XRD analysis was performed for identification of phases, variation in crystallite size, dislocation 
densities and residual strains on femtosecond laser irradiated Al targets and for various laser 
fluences of 0.86, 1.13, 2.47 and 4.37 Jcm
-2
 under vacuum condition is shown in figure 4.51. X-
ray diffractograms of unexposed Al target show the presence of (1 1 1), (2 0 0) and (2 2 0) planes 
orientation (Pattern No. 03-065-2869). The variation in crystallite size, dislocation density and 
residual strains for Al (2 2 0) phase are calculated by using equations (4.2, 4.3 & 4.4), 
respectively. Whereas, the variation in the peak intensity of Al (2 2 0) plane is exhibited in figure 
4.51. With the increase of fluence from 0.86 Jcm
-2 
to 1.13 Jcm
-2
, reduction in crystallite size and 
peak intensity is due to enhanced micro-strains and crystal defects (figure 4.51 b-d). With the 
further increase of fluence up to 4.37 Jcm
-2
, an enhancement in crystallite size due to reduced 
peak broadening, along with enhanced peak intensity of Al (2 2 0), is obtained due to motion of 
planes to unstrained positions [163, 177].    
Figure 4.52 shows the XRD diffractograms of unirradiated and laser irradiated Al targets in O2 
environment for various laser fluences of 0.86, 1.13, 2.47 and 4.37 Jcm
-2
 (from minimum to 
maximum) in O2 environment. The XRD spectrum shows that Al (1 1 1) phase has been 
converted to Al2O3 (1 1 0) (Pattern No. 01-077-2135) while Al (2 2 0) and Al (3 1 1) have been 
converted to AlAl1.67O4 (1 0 16) to (3 1 14) (Pattern No. 01-088-1609) [187]. The formation of 
new oxide phases is due to the diffusion of O and is also confirmed from EDS analysis. With the 
increase of fluence up to 1.13 Jcm
-2 
the reduction in the peak intensity of AlAl1.67O4 (1 0 16) 
plane reflection along with the reduction in the crystallite size with development of maximum 
strains on the target surface is observed in figures 4.52 (b-c) [36]. This is due to the enhanced 
Elements Untreated Under Vacuum 
condition (10
-3 
mbar) 
In O2 (133 mbar 
pressure) 
Al 98 99.0 84 
O 2 1 16 
Table 4.11:  EDS analysis of the un-irradiated and irradiated Al targets, for maximum value 
of fluence (4.37 Jcm
-2
) under vacuum (10
-3
 mbar) and in O2 environment at pressure of 133 
mbar for 100 pulses of femtosecond laser.   
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diffusion of O across the grain boundaries and into the interstitial sites. The further increase of 
fluence up to a value of 4.37 Jcm
-2
 increase in the peak intensity is obtained due to enhanced 
reflection of X-rays and crystal growth [178]. 
 
 
 
 
 
 
 
 
Figure 4.51: XRD data of unirradiated and irradiated Al with 100 pulses of femtosecond laser 
for various fluences of 0.86, 1.13, 2.47 and 4.37 Jcm
-2
,
 
under vacuum (10
-3
 mbar) condition (a) 
X-ray differactograms, (b) the crystallite size variation, (c) the strain variation and (d) the 
dislocation density variation. 
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4.52: XRD data of unirradiated and irradiated Al with 100 pulses of femtosecond laser for 
various fluences of 0.86, 1.13, 2.47 and 4.37 Jcm
-2
,
 
in O2 environment at 133 mbar pressure (a) 
X-ray differactograms, (b) the crystallite size variation, (c) the strain variation and (d) the 
dislocation density variation.  
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Conclusions 
Ablation mechanisms in three various metallic materials i.e. S.S, Ti and Al by employing 
nanosecond and femtosecond lasers under certain conditions have been investigated.  In case of 
nanosecond laser ablation, the experiments were performed under three environmental 
conditions of vacuum (10
-3
 mbar), Ar and O2 (at a pressure of 133 mbar) for 100 laser pulses. 
The experiments were performed for various laser fluences, from minimum 0.72 Jcm
-2
 to 
maximum 1.27 Jcm
-2
 available ranges. The femtosecond laser ablation has been investigated 
under the ambient environments of vacuum (10
-3
 mbar) and O2 (at a pressure of 133 mbar) for 
constant number of laser pulses (100). The laser irradiation was performed from minimum to 
maximum available range of fluences i.e., 0.38 Jcm
-2 
to 4.37 Jcm
-2
. In case of nanosecond laser 
irradiation for all laser fluences SEM analysis of S.S reveals the formation of Laser-induced 
Periodic surface Structures (LIPSS), along with cavities, in the central ablated areas for ambient 
environments of vacuum, Ar and O2. However, significantly pronounced and distinct LIPSS are 
observed in vacuum as compared to Ar. The periodicity value of LIPSS on S.S is varied from 45 
µm to 100 µm under vacuum condition, 35 µm to 100 µm in Ar ambient while in case of O2 it is 
varied between 40 to 60 µm. At the peripheral ablated areas, cone-formation on the top of wave 
like ridges is observed under vacuum condition, droplet-formation is exhibited in case of Ar 
environment, whereas re-deposited exfoliates and particulates are observed in case of O2 
environment. SEM analysis of laser irradiated Ti shows the formation of LIPSS at the central 
ablated areas, for all ambient conditions (vacuum, Ar & O2). On irradiated Ti targets the 
periodicity values are varied from 12 µm to 120 µm under vacuum condition, 60 µm to 100 µm 
in Ar environment and 35 µm to 100 µm in O2 ambient. Grain-like features are observed at the 
boundary of ablated region in case of vacuum and Ar, whereas, granular morphology in the form 
of wave-like ridges is observed in case of O2 environment. Al targets reveal the formation of 
LIPSS, fibrous structures, cavities and cones for all ambient environments (vacuum, Ar & O2). 
While, the variation in the size of these structures is observed with the increase of fluence. In 
case of Al targets the periodicity variation under vacuum condition is between 18 µm to 28 µm 
under vacuum, 17 to 26 nm in Ar and 16 to 24 nm in O2 ambient. AFM analysis of laser ablated 
S.S surface reveals the formation of several number of hillocks along with surface protrusions 
during irradiation in vacuum and Ar at fluence value of 0.86 Jcm
-2
. Whereas, re-deposition and 
the hillock-formation is observed in case of O2 treatment. AFM analysis of irradiated Ti reveals 
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the appearance of several number of bumps and protrusions at the peripheral ablated areas of 
exposed targets under all environments at fluence of 0.86Jcm
-2
. The AFM analysis of Al under 
vacuum condition exhibits a large number of bumps and protrusions on the exposed surface 
under vacuum condition. Whereas, the formation of bumps is observed in case of treatment in Ar 
and O2 environments. The EDS of S.S shows the variation of chemical composition in all 
ambient environments. The significant enhancement of atomic oxygen (O) content (45 %) is 
observed in case of treatment under O2 environment. EDS analysis of  Ti shows that after 
irradiation under vacuum condition the impurity element Al reduces while in case of Ar a small 
percentage of Ar (1 atomic %) along with reduction in impurity element (Al) is perceived. 
Whereas, during irradiation in O2 environment a large content of O (31%) is observed. The EDS 
analysis of Al shows the presence of small amount of atomic oxygen in the unirradiated target. 
Also the variation in the chemical composition along with diffusion of Ar (1 %) and O (35 %) 
environments of Ar and O2 is observed, respectively. XRD analysis of nanosecond laser 
irradiated (S.S, Ti & Al) exhibit that no new phases are formed in vacuum and Ar environments, 
whereas in case of O2 new phases of oxides are formed on the irradiated targets. For various laser 
fluences the variation in the peak intensity, crystallinity and d-spacing is revealed for all 
environments.  
In case of femtosecond pulsed laser ablation of S.S and Ti reveals the formation of self-
organized LIPSS (nano & micro), conical microstructures and cavities for various laser fluences 
in different ambient environments (Vacuum & O2). For comprehensive study of variation in 
periodicity of ripples with fluence and ambient conditions, Fast Fourier Transform (FFT) was 
employed. The calculated values illustrate the dependence of periodicity on variation in fluence 
and ambient environments. The periodicity of nano scale LIPSS is higher (680 nm) under 
vacuum condition as compared to O2 (620 nm) environment. It is observed from the SEM 
micrographs that the value of ablation threshold fluence for S.S and Ti is higher under vacuum 
condition (700 nm) as compared to O2 (620 nm) environment. EDS analysis of S.S shows the 
variation in chemical composition of almost all phases under both ambient conditions for various 
fluences from minimum to maximum. While in case of irradiation in O2 environment along with 
the variation in chemical composition a slight (5%) diffusion of Oxygen is also observed. EDS 
analysis of Ti exhibits that after irradiation under vacuum, the percentage of impurity element 
(Al) has been reduced. However, irradiation in O2 environment reveals the 15% diffusion of 
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oxygen. XRD data reveals that no new phases are formed in case of femtosecond laser irradiation 
of S.S, Ti and Al under Vacuum condition. However, a slight variation in the peak intensities of 
the XRD patterns is observed. Whereas in case of O2 environment new phases in the form of 
oxides are revealed.  
Comparison of nanosecond and femtosecond laser irradiation shows that smaller sized 
nano/microstructures are observed after femtosecond laser irradiation as compared to 
nanosecond laser. Whereas the comparison of the periodicity both for nanosecond and 
femtosecond laser ablation, fine quality ripples are observed after irradiation in O2 environment 
as compared to vacuum environment.  
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